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BROMINE OXIDATION AND MUTAROTATION MEASURE- 
MENTS WITH a-d-8-MANNOHEPTOSE AND asd-a- 
GULOHEPTOSE 

By Horace S. Isbell 


ABSTRACT 


The lead salts of d-a-mannoheptonic acid and d-8-mannoheptonic acid were 
made and used for the separation of the corresponding free acids. The gamma 
lactone of d-8-mannoheptonic acid was prepared and reduced with sodium amal- 
gam to give d-6-mannoheptose which was separated in the crystalline alpha modi- 
feation. ‘This new sugar is structurally related to a-d-talose and exhibits similar 
properties. Its mutarotation is complex, consisting in a fast change followed or 
accompanied by a smaller slow change. The proportions of the constitutents 
involved in the rapid reaction vary with temperature so that a change in tempera- 
ture results in a rapid mutarotation. The temperature coefficient for the rapid 
mutarotation reaction corresponds to that for the rapid mutarotation reactions 
of galactose, arabinose, talose, ribose, and d-8-glucoheptose, whereas the tem- 
perature coefficient for the slow change agrees with the temperature coefficients 
for the mutarotations of glucose, mannose, gulose, and other reactions which 
consist in the interconversion of the alpha and beta pyranoses. The parallelism 
between the properties of d-talose, d-a-guloheptose, and d-8-mannoheptose is 
evidence that the configurations of the five carbon atoms comprising the pyranose 
ting determine in large measure the composition of the equilibrium solutions 
of the sugar. Measurements of the rates of oxidation with bromine water show 
that a-d-8-mannoheptose and a-d-a-guloheptose are oxidized at rates comparable 
to that previously found for the oxidation of a-d-talose and that the equilibrium 
solutions contain substantial quantities of rapidly oxidizable material. 
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I. MUTAROTATION OF a-d-8-MANNOHEPTOSE 


The mutarotations of many sugars reveal that when the sugar is 
solved in water, at least two fundamentally different reactions 

occur (1, 2, 3].1_ One of these consists in the interconversion of the 

LL 

‘The numbers in brackets throughout this paper relate to the literature citations on page 108. 
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alpha and beta pyranose modifications, while the other involyes 
labile modifications of unknown structure. The interconversion of 
the alpha and beta pyranoses occurs relatively slowly and the equi- 
librium state is not influenced markedly by temperature changes 
The other reaction involving the labile modification is more rapid 
and is characterized by variation of the equilibrium position with 
temperature [4]. Mutarotation and bromine oxidation measure. 
ments [3] with sugars containing the glucose, mannose, and gulose 
structures show that the equilibrium solutions of these sugars consist 
almost exclusively of the alpha and beta pyranose modifications 
On the other hand, the mutarotation and oxidation measurements 
(3, 5] with sugars containing the galactose, talose, and idose struc. 
tures show that the equilibrium solutions of these sugars contain 
substantial proportions of modifications other than the alpha and 
beta pyranoses. The changes in optical rotation caused by the 
formation of the labile constituents in the solutions of galactose 
arabinose, and related sugars are small and therefore it is difficult 
to study these interesting reactions by observations on these readily 
coallahie sugars. The changes in optical rotation caused by the 
formation of the labile constituents in solutions of talose are much 
larger and therefore this sugar is more suitable for use in investigating 
this subject. However, talose is difficult to prepare [6] and there- 
fore its application is restricted. In a previous paper [7], the author 
reported the preparation of d-a-guloheptose, which has the talose 
structure and is also suitable for investigating these labile reactions, 
This sugar, however, is prepared from the synthetic sugar, d-gulose, 
so that its preparation represents a long and tedious process, A 
second heptose, d-8-mannoheptose, containing the talose structure, 
can be made from mannose. The preparation of this sugar was 
undertaken with the hope that it would provide a more readily 
available sugar for the investigation of the character of the labile 
modification of the sugars and the rapid mutarotation reactions. 
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Application of the cyanhydrin synthesis to mannose [8] gives a 
large quantity of d-e-mannoheptonic acid, I, and a small quantity of 
d-6-mannoheptonic acid, II. But since d-a-mannoheptonic acid can 
beconverted to d-8-mannoheptonic acid, by rearrangement in pyridine 
solution, considerable quantities of d-8-mannoheptonic acid can be 
prepared without much difficulty. The most tedious part of the 
process is the separation of the two acids. Several salts of these 
acids have been studied as a possible means for accomplishing this 
separation. ‘The purification of d-a-mannoheptonic acid is not la- 
borious because it forms diflicultly soluble barium [9] and calcium 
(10] salts. On the other hand, d-§-mannoheptonic acid forms a 
dificultly soluble lead salt from which the free acid can be prepared. 
The free acid forms a crystalline y-lactone, which, on reduction with 
sodium amalgam, gives a-d-8-mannoheptose, III. This sugar sepa- 
rates in long, thin, wedge-shaped crystals which melt at 83° C and 
give [e]j>=+45.7. The analysis reveals that the new sugar is a 
monohydrate, and since the oxygen ring lies to the right [11] and it is 
the more dextrorotatory member of the alpha-beta pair, it is desig- 
nated a-d-8-mannoheptose monohydrate. 

When dissolved in water, a-d-8-mannoheptose exhibits the complex 
nutarotation given in table 1. This mutarotation can be represented 
by the following equations: 


[a]? = + 14.5+8.3X10-4# 4.29.9 107-0018 


[a}%s!= + 16.5+9.3 X 10-4. 19.3 X 10-5 


in which ¢ is the time measured in minutes after the sugar is dissolved 
in water. The complex mutarotation shows that the equilibrium 
is established between certain modifications more rapidly than be- 
tween the others, and that the solution contains at least three modifi- 
tations of the sugar in dynamic equilibrium. Inspection of the data 
and equations representing the mutarotation at 20° C reveals that the 
mapid reaction, m, is responsible for a change of 22.9°, whereas the 
slow reaction, m, is responsible for a change of 8.3°. Obviously, 
the rapid reaction comprises a large part of the mutarotation, in which 
respect the mutarotation of a-d-8-mannoheptose resembles the muta- 
rotations of the structurally related sugars, a-d-talose [3] and a-d-a- 
guloheptose [7]. 
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TABLE 1.—Mutarotation of a-d-8-mannoheptose in distilled water 1 











0.9981 g in 25 ml at 20.0° C read in a 4-dm tube 
°§ =+6.71+3.85X 10-041 t-4-10,58 X 10--016+ 


{ar}? = +-14.54-8.3X 10-041 -4-22.9X 10-- ise 
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Initial rotation, [a}h=+45.7 


Equilibrium rotation, lal}= +14.5 
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| Time reading 
| ee ERS | ee 
Minutes °s 
2. 55 +16. 44 | 
5. 16 +13. 55 
7. 57 +11. 88 
9. 97 +10. 79 
13. 20 +9. 85 
19. 89 +8. 86 
30. 10 +8. 16 
41.00 | -+7.74 
50. 49 +7. 44 
| 
60. 50 | +-7. 25 
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© } +6. 71 
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1 The equations and values for the mutarotation constants, m and ms, were determined by the method 
described by Isbell and Pigman, J. Research NBS 18, 156 (1937) RP969. The distilled water contained 
carbon dioxide and read pH =5.4. 


Previous measurements with various sugars have revealed that the 
temperature coefficients for the interconversion of the alpha and beta 


é 






[Vol 99 Isbe 



































coe 
is ¢ 
int 
ma 
obt 
mu 
tal 
obt 
are 
gen 
less 
T 
furt 
of ¢ 
dex 
(ms) 
part 
a dit 
This 
the 
sma. 
equi 
as sl 
invo 
gene 
tions 
of re 
issm 
tions 
It se 
the 
norm 
Th 
and -t; 
supp 
comp 
vario 
the r 
This 
mula; 
prope 
In the 


——e 
i Page 
92.3024 


‘The | 
0/42,011, 











ae 


Me 








101 


yranoses are consistently larger than the temperature coefficients 
for the rapid reactions involving the labile modifications.? This is 
evidence that the heat of activation, Q, for the alpha-beta pyranose 
interconversion is larger than that characteristic of the rapid reaction. 
Application of the Arrhenius equation* to the velocity constants, 
m, and m2, of a-d-B-mannoheptose gives for the heat of activation, Q, 
values of 16,408 and 13,200. These values correspond to temperature 
coeficients * of 2.46 and 2.15, respectively. The value of Q from m, 
isclose to the values of Q obtained from the constants representing the 
interconversion of the alpha and beta modifications of glucose (17,200), 
mannose (16,900), xylose (16,800), and other pyranoses. The value 
obtained from mz, is close to the values obtained from the rapid 
mutarotations of arabinose (14,700), ribose (11,700), galactose (14,100) 
talose (12,800), and d-a-guloheptose (12,610). Since the value 
obtained from m, is 16,408, while that from m; is only 13,200, the results 
are in accord with those obtained for other sugars and support the 
generalization that the heat of activation for the rapid reaction is 
less than the heat of activation for the slow reaction. 

The effect of temperature on the equilibrium state is illustrated 
further by the thermal mutarotation given in table 2. After a solution 
of d-6-mannoheptose is cooled, the optical rotation increases in the 
dextro direction at a rate comparable to that of the rapid reaction 
(m;). This increase in optical rotation which comprises the larger 
part of the mutarotation shows that the change in temperature causes 
a disturbance in the equilibrium proportions of the labile constituents. 
This initial equilibrium disturbance is followed by a readjustment of 
the proportions of the’normal alpha and beta isomers which causes a 
small decrease in the optical rotation. The large alteration in the 
equilibrium proportions of the labile modifications with temperature, 
as shown by the thermal mutarotation, shows that the rapid reaction 
involves a change in energy. This observation is in accord with the 
generalization that the rapid reactions involving the labile modifica- 
tions result in the liberation or absorption of heat, whereas the heat 
of reaction for the interconversion of the alpha and beta pyranoses 
issmall. In this respect the large alteration in the equilibrium propor- 
tions of levulose at various temperatures might appear exceptional. 
It seems probable, however, that the mutarotation of levulose is like 
the rapid mutarotation reaction of galactose and differs from a 
normal alpha-beta reversible interconversion. 

The mutarotations of a-d-6-mannoheptose, a-d-a-guloheptose, and 
a-d-talose resemble one another in striking manner and therefore 
support the generalization that the configurations of the carbon atoms 
comprising the pyranose ring Jargely determine the proportions of the 
various stereomeric modifications in the equilibrium solutions and 
the rates at which these constituents change from one to another. 
This similarity, which is obvious by comparing the structural for- 
mulas, is responsible in large measure for the similarity in the chemical 
properties of the structurally related sugars, which will be considered 
in the next section of this paper. 

Page 165 of [3] and page 643 of [7]. 

12006 log 5 T9804 (7,—7,) 


quane temperature coefficient is the ratio of the rate at 35° C to that at 25° C and its logarithm equals 
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TABLE 2.—Mutarotation of a 8.3-percent aqueous solution of d-8-mannoheptose 
after cooling from 25° C to 0.1° C. 

















°S =-+-0,21 XK 10--00181¢— 1.34 X 10--015¢-4-6,29 
* Saccharim- . 
Time eterreading Deviation m3X 108 
Minutes °s 
3. 57 +5. 31 —- * for ae eee 
6. 90 +5. 47 —1. 02 19.0 
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15.17 +5. 68 —. 80 14.6 
19. 96 +5. 79 —. 69 14.2 
30. 30 +5. 96 —.51 13. 6 
40. 22 +6. 10 —. 36 14.1 
49. 95 +6. 18 —. 28 14.3 
60. 05 +6, 27 —.18 14.5 
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II. BROMINE OXIDATION MEASUREMENTS WITH 
d-a-GULOHEPTOSE AND d-8-MANNOHEPTOSE 


Bromine oxidation measurements [3, 5, 12] made with many sugars, 
under controlled conditions in which the change of one modification 
to another is slow, have shown that the alpha and beta aldopyranoses 
are oxidized at widely different rates, and that the rates of oxidation 
can be correlated with the configuration of the first carbon in relation 
to the ring oxygen [11]. The aldose sugars (beta) in which the 
hydrogen of the first carbon is represented, in the conventional manner, 
as cis to the ring oxygen are oxidized more rapidly than the sugars 
(alpha) in which the hydrogen of the first carbon is represented as 
trans to the ring oxygen. The results given in tables 3 and 4 reveal 
that the rates of oxidation for the alpha and beta modifications of 
d-a-guloheptose and d-8-mannoheptose are in complete agreement 
with the correlation between the configuration of the first carbon and 
its rate of oxidation. As might be anticipated from their structures, 
a-d-B-mannoheptose (III) and a-d-a-guloheptose (IV) are oxidized at 
relatively slow rates. The equilibrium solutions of these sugars con- 
tain more rapidly oxidizable modifications, which are probably the 
corresponding beta sugars. The rates of reaction for a-d-§-mannohep- 
tose (0.111) and for a-d-a-guloheptose (0.094) are comparable to the 
rate (0.078) previously found for a-d-talose. The more easily oxi- 
dizable substance in the solution of d-f-mannoheptose is oxidized 
10 times as fast as the freshly dissolved alpha modification, whereas the 
more reactive substance in the solution of d-a-guloheptose is oxidized 
13.6 times as fast as the freshly dissolved alpha form. Presumably 
the easily oxidizable fractions are largely the beta pyranose modifi- 
cations, in which respect it is noted that 6-d-talose is oxidized about 
10 times as rapidly as a-d-talose and that the equilibrium solution of 


d-talose contains approximately 44 percent of the rapidly oxidizable | 


fraction, whereas the equilibrium solution of d-8-mannoheptose col- 
tains 38 percent and that of d-e-guloheptose 33 percent of the rapidly 
oxidizable material. 
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TaBLE 3.—Bromine oxidations of freshly dissolved crystalline sugars at 0°C! 


Velocity constants 
Averages for oxidation period 1 A 
on; ary 
Time after , ¢ ve 
M6 wet | Unoxidized 
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bromine akX108 kX 108 
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a” Ee ee 
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Samples of the crystalline sugar (0.01 mole) with 1.2 g of barium carbonate were placed in 100-ml long- 
neck flasks and cooled to 0°C in an ice bath. To each flask 20 ml of a cold solution containing 60 g of 
Ba(Br)3.2H0, 20 ml of bromine, and 4 ml] of N hydrobromic acid per liter were added and the mixture 
was shaken continuously. After definite time intervals the oxidation was stopped by the addition of 
ml of linseed oi] dissolved in 10 ml of benzene, and the reducing sugar in the aqueous solution was deter- 


mined by the use of alkaline copper sulphate in the usual manner. 


The bromine (Brg) in the oxidizing 


solution was determined by thiosulphate titration, and the concentration of the oxidant (free bromine) and 
the velocity constants were calculated as described on page 168 of [3]. 


TaBLE 4.—Bromine oxidations at 0° C in aqueous sugar solutions in equilibrium 


Unoxidized sugar 


at the beginning of the oxidation ! 





Averages for the oxidation 


Velocity constants 
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‘The oxidations were conducted like the oxidations of the freshly dissolved crystalline sugars, except 


that a solution of the sugar in 10 ml of water was mixed with 10 


give th 


of the oxidation solution adjusted to 
€ same concentrations of the reactants as those used for the oxidations reported in table 3. The 
Proportions of the more reactive and less reactive fractions were calculated as described on page 177 of [3]. 
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TABLE 4.—Bromine oxidations at 0° C in aqueous sugar solutions in equilibrium 
at the beginning of the oxidation—Continued 








| Averages for the oxidation | 
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III. EXPERIMENTAL DETAILS 


1. SEPARATION OF d-a-MANNOHEPTONIC AND 
d-8-MANNOHEPTONIC ACIDS 


The nitriles of d-a- and d-8-mannoheptonic acids were formed in 
the usual manner by treating 600 g of mannose in a 10-percent aqueous 
solution with equivalent quantities of sodium cyanide and calcium 
chloride [13]. Hydrolysis of the product with an excess of lime gave 
a precipitate of basic calcium salts which was collected on a filter 
and washed with limewater. These salts were decomposed by car- 
bonation in a large volume of hot water to give the normal calcium 
salts. The aqueous solution was evaporated and about 250 g of 
crystalline calcium d-a-mannoheptonate was separated. The residual 
liquor contained a small quantity of calcium d-8-mannoheptonate 
mixed with calcium d-a-mannoheptonate. To separate the constit- 
uent acids, the calcium was removed with aqueous sulphuric acid 
and the resulting heptonic acids were converted to difficultly soluble 
normal lead salts by reaction with an equivalent quantity of lead 
oxide. The resulting lead salts were dissolved in hot water and 
fractionally crystallized in the following manner. The hot aqueous 
solution of the salts was seeded with lead d-a-mannoheptonate and 
allowed to cool slowly. Considerable lead d-a-mannoheptonate 
separated from the solution in slender needle-like prisms before lead 
d-8-mannoheptonate began to crystallize in rhomb-shaped plates. 
The needle-like crystals were collected in one fraction and the rhombic 
plates in another. By repeated fractionation and recrystallization 
about 50 g of pure lead d-6-mannoheptonate and 100 g of lead d-a-man- 
noheptonate were separated from the preparation which began with 
600 g of mannose. 


2. d-8-MANNOHEPTONIC ACID 


The preparation of this acid in the crystalline state was reported 
previously by V. Ettel [14]. It resembles talonic acid in that it's 
relatively difficultly soluble and crystallizes readily. The acid ob 
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tained from lead d-8-mannoheptonate by treatment with sulphuric 
acid was recrystallized from aqueous isopropy] alcohol. The product 
so obtained is dextrorotatory and exhibits the mutrarotation given in 
table5. ‘The changes in optical rotation indicate that a dextrorotatory 
delta lactone and a levorotatory gamma lactone are formed and that 
the delta lactone is formed more rapidly than the gamma lactone. 


TaBLE 5.—Mutarotation of d-B-mannoheptonic acid in 4-percent aqueous solution 











| Tire | | 

Time [cx}?? Time [a]? 

st 

| Minutes Minutes 

5 44.0 240 +6.1 | 

20 +5.4 1, 510 —-3 *] 
| 30 +5.7 2, 885 —8.8 
60 +6. 2 5, 765 —17.1 
123 +6.7 30 days — 25.0 











d-8-Mannoheptonic -y-lactone was prepared by evaporating and 
heating an aqueous solution of d-8-mannoheptonic acid in the 
presence of a few drops of hydrochloric acid. The resulting thick 
sirup was dissolved in ethyl alcohol and allowed to stand in a desic- 
cator over sodium hydroxide. Crystallization occurred in the course 
of several weeks. ‘The crude product was recrystallized from hot 
absolute ethyl alcohol. The new substance separates in concen- 
tric clusters of long, thin crystals which melt at 130° C and give 
(av’=—35.7 The product corresponds to the following analysis: Cal- 
culated for C;H,,0,: C, 40.39; H, 5.81. Found: C, 40.45; H, 5.82. The 
direction of the optical rotation and the rate of hydrolysis as indicated 
by the slow mutarotation given in table 6 show that the product is the 
gamma rather than the delta lactone. It is slightly sweet and re- 
quires one equivalent of alkali for saponification. 


TaBLE 6.—Mutarotation of d-8-mannoheptonic y-lactone in water at 20° C 


[4.0152 g per 100 ml in a 4-dm tube] 




















Tin Observed 20 ny Observed 20 on 
rime rotation lalp Time rotation lalp 

| 

Minutes °S Days °S 
.0 —8, 29 —35.7 ] —8. 10 —34.9 

10. 1 —8. 27 —35.7 3 —7.91 —34.1 | 
20.1 —8, 29 —35.7 31 —6. 64 —23.6 | 
372.0 —8. 25 —35.6 105 —6. 48 —27.9 | 











Potassium d-8-mannoheptonate was prepared in aqueous alco- 
holic solution from equivalent quantities of d-8-mannoheptonic 
acid and potassium hydroxide. The salt gives triangular crystals 
which form readily and can be used for purification. After drying at 
40° C in vacuo the new salt gives [a]?=+0.3 (in 4-percent aqueous 
solution) and corresponds to the following analysis: Calculated for 
KOO C, 31.81; H, 4.96; K, 14.79. Found: C, 32.06; H, 4.97; 

Lead d-8-mannoheptonate was separated from the lead-salt mix- 
ture which resulted from the cyanhydrin synthesis. The salt crystal- 

in laminated clusters of rhomb-shaped plates which are slightly 
soluble in hot water and very difficultly soluble in cold water; at 20° C 
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0.255 g dissolves in 100 ml of water. One gram of the crystals dis. 
solved in 100 ml of hot water and then cooled to 20° C gives [a}??— 
+2.16. The salt is anhydrous as shown by the following analysis; 
Calculated for Pb (C;H,3O0,)2: C, 25.57; H, 3.98; Pb, 31.51. Found: 
C, 25.7; H, 3.9; Pb, 31.5. 


3. a-d-8-MANNOHEPTOSE HYDRATE 


Fifty grams of d-8-mannoheptonic y-lactone was reduced in the 
usual manner [15] with 1,500 g of 3-percent sodium amalgam, after 
which an analysis showed the presence of 35 g of sugar. Following 
the removal of the sodium sulphate and excess d-8-mannoheptonate 
by alcohol precipitation, the reduced solution was concentrated to a 
thick sirup, which was dissolved in aqueous isopropyl alcohol. After 
several days, crystals of a-d-8-mannoheptose monohydrate formed, 
The crystals were separated and recrystallized from aqueous isopropy] 
alcohol. The new sugar separates in long thin wedge-shaped crystals 
which melt at 83° C and correspond to the following analysis: Caleu- 
lated for C;H,,O;.H,0: C, 36.84; H, 7.07. Found: C, 36.9; H, 6.9, 
The sugar exhibits the complex mutarotation given in table 1. The 
final specific rotation of the hydrated sugar at 20° C is +14.5 and the 
initial rotation is -++-45.7. 

The relative copper-reducing value measured with Benedict’s 
solution, using 4 minutes to bring to boiling and boiling 6 minutes, 
and based on the weight of the anhydrous sugar, is 83 percent of that 
of glucose. This value is the same as that obtained for the epimeric 
sugar, d-a-mannoheptose, and is close to the values obtained for the 
structurally related sugars, d-a-guloheptose and d-8-guloheptose. 

A crystalline modification of d-8-mannoheptose which melts at 
140° C and gives [a]Jp>=7.6 was described by Ettel [14] but unfor- 
tunately the physical and chemical properties are not reported in 
sufficient detail to permit classification of the sugar. Since the optical 
rotation differs markedly from that of a-d-§-mannoheptose, Ettel’s 
product represents either another modification of the sugar or an 
entirely different substance. 


4. d-a-MANNOHEPTONIC ACID 


This acid has been investigated by previous workers [9,10,15] who 
prepared the crystalline acid, its gamma lactone, and the sodium, 
ammonium, calcium, barium, strontium, and cadmium salts. The 
lead and potassium salts are reported in this paper. Lead d-a- 
mannoheptonate crystallizes in slender prisms which are slightly 
soluble in hot water and difficultly soluble in cold water; at 20° C 
0.046 g dissolves in 100 ml of water. The air-dried salt contains one 
molecule of water of crystallization and corresponds to the following 
analysis: Calculated for Pb(C7H,;0;)..H,0: C, 24.89; H, 4.18; Pb, 
30.67. Found: C, 25.2; H, 4.3; Pb, 30.65. Potassium d-a-manno- 
heptonate crystallizes in needles which are very soluble in water and 
give [a]??—-+5.4 in 4-percent aqueous solution. The salt corresponds 
to the following analysis: Calculated for KC;H,,0,: C, 31.81; H, 4.96: 
K, 14.79. Found: C, 31.64; H, 5.08; K, 14.7. 


5. a-d-a-MANNOHEPTOSE HYDRATE 


Crude d-a-mannoheptose prepared by the method of Fischer and 
Passmore [15] was recrystallized in the following manner: An aqueous 
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solution containing 50 g of sugar was dehydrated by evaporation to a 
thick sirup followed by the addition of absolute alcohol and a second 
evaporation. The residue was taken up in absolute alcohol and 
brought to crystallization. The product which was probably the 
anhydrous alpha form melted at 140° C. On recrystallization from 
cold aqueous alcohol this product was converted to a monohydrate 
which melts at 107° C and gave the following analysis: Calculated 
for C7H4O7.H,O: C, 36.84; H, 7.07. Found: C, 36.96; H, 7.26. As 
reported on page 517 of reference [5], the mutarotation at 20° C is 
represented by the following equation: [a]?=-+3.4X10--'+51.9 
K10--9"*4.64.7. 


6. 8-d-a-MANNOHEPTOSE HYDRATE 


abel a-d-B-Mannoheptose 


This sugar was prepared in the following manner: Sixty grams of 
crude d-a-mannoheptose was dissolved in 40 ml of hot water. After 
the lapse of sufficient time for the sugar to reach equilibrium the 
solution was filtered and mixed with 200 ml of acetic acid. Upon 
cooling, rectangular prismatic crystals of 8-d-a-mannoheptose hydrate 
separated. ‘The new sugar melts at 104° C and corresponds to the 
following analysis: Calculated for C;H,,O;.H,O: C, 36.84; H, 7.07. 
Found: C, 37.04; H, 7.19. The final specific rotation at 20° C is 
464.5 and the initial rotation is +42.3. The mutarotation at 20° C 
and bromine-oxidation measurements were reported previously [5]. 


IV. GENERAL SUMMARY 


By treating mannose with sodium cyanide followed by lime, basic 
calctum salts of the epimeric mannoheptonic acids were precipitated. 
Decomposition of the basic salts by treatment with carbon dioxide 
gave a mixture of the normal salts from which crystalline calcium 
d-e-mannoheptonate was separated. The salts in the mother liquor 
were converted to lead salts which were separated by fractional crys- 
tallization. Lead d-a-mannoheptonate, Pb(C;H,;0;)2.H2O, forms slender 
prisms which are very difficultly soluble in water. Potassium d-a- 
mannoheptonate, KC,;H,,0, crystallizes in needles which are very 
soluble in water and gives [a]?—-+-5.4 in 4-percent aqueous solution. 
Lead d-8-mannoheptonate, Pb(C;H,30¢)2, crystallizes in rhomb-shaped 
plates which give [a]?=-+-2.16 in 1-percent aqueous solution. FPotas- 
sium d-B-mannoheptonate, KC,H,;Oz, crystallizes in triangular plates 
which give [ajp=-+-0.3. d-8-Mannoheptonic y-lactone, C;H,,0,, forms 
long thin crystals which melt at 130°C and give [a]?=—35.7. Reduc- 
tion of d-8-mannoheptonic y-lactone gives a-d-8-mannoheptose hy- 
drate, C;H,,0,.H.O, which melts at 83°C and gives [a|?=+45.7 with 
mutarotation. The mutarotations at 20° and 0.1°C are represented 
by the following equations: 


[a]? = +14.5+8.3 K 107 4422.9 x 10> ors! 
[a]g= +16.5+9.3 X 10> 8+ 19.3 < 10-15% 


The mutarotation, which resembles that of a-d-talose, reveals a fast 
and a slow reaction. The proportions of the constituents involved 
in the fast reaction vary with temperature so that the equilibrium 
rotation also varies with temperature. The temperature coefficient 
for the rapid reaction corresponds with the coefficients previously 
obtained for the rapid reactions found in other complex mutarota- 
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tions and for the mutarotation of levulose, whereas the temperature 
coefficient for the slow reaction corresponds with the values previ- 
ously obtained for the reversible interconversion of the alpha and 
beta pyranoses. 

Bromine oxidations of a-d-a-guloheptose and of a-d-8-mannoheptoge 
take place slowly at rates comparable to the oxidation of a-d-taloge 
The oxidations of equilibrium solutions of the sugars proceed rapidly 
until a portion of the sugar is used up and then more slowly as the 
remaining sugar continues to be oxidized. The results show that 
equilibrium solution of d-a-guloheptose contains 33 percent of some 
substance which is oxidized about 13.6 times as fast as a-d-a-gulo. 
heptose; and that the equilibrium solution of d-8-mannoheptose 
contains 38 percent of some substance which is oxidized about 19 
times as fast as a-d-8-mannoheptose 

The marked resemblance of a-d-a-guloheptose and a-d-8-man- 
noheptose to a-d-talose and other alpha sugars illustrates clearly the 
advantages of classifying the alpha and beta sugars according to the 
configuration of the first carbon in relation to the pyranose ring. 
The results furnish additional evidence to show that the configura- 
tions of the five carbon atoms comprising the pyranose ring deter- 
mine in large measure the peculiarities found in the mutarotations 
of sugars which contain the galactose, talose, and idose structures, 


The author expresses his appreciation to Clement J. Rodden of 
this Bureau who made the microanalyses, and to William A. Stanton 
and Robert E. Barnett, student assistants, who prepared the manno- 
heptonic acids and assisted in the preparation of the sugars. 
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SOME EXPERIMENTS AT RADIO FREQUENCIES ON 
SUPERCONDUCTORS 


By Francis B. Silsbee, Ferdinand G. Brickwedde, and Russell B. Scott 


ABSTRACT 


Measurements were made in the temperature range 2.5 to 4.2° K on wires of 
tinand of tantalum. A tin wire in the superconducting transition range carrying 
an alternatingfcurrent of frequency 200,000 c/s (cycles per second) superposed 
on a direct current was found to exhibit a potential drop having a strong compo- 
nent of double the applied frequency. This indicates that the superconducting 
state can be destroyed by a magnetic field and re-created in a time interval of 
less than 10-* sec. For each substance the transition temperature from the 
normal resisting to the superconducting state was found to be the same for alter- 
nating currents of radio frequency as for direct currents. The effective resistance 
of the specimens when below their transition temperatures was found to be too 
small to detect at radio frequencies by the calorimetric and electrical methods tried 
(i. e., less than 4 percent of that above the transition temperature in the case of 
tin and less than 1 percent in the case of tantalum). 
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I. INTRODUCTION 


Since our communication in 1931! reporting on some experiments 
on the superconductivity of tin for alternating currents, we have 
carried on intermittently, as other work permitted, a series of experi- 
ments comparing for alternating and for direct currents the perform- 
ances of the superconductors tin and tantalum in the form of solid 
wires. Three different phases of the problem were investigated: (1) 
the time required for the establishment and for the destruction of the 
superconducting state by changes in the magnetic field; (2) the rela- 
tion between the temperatures at which the superconducting transi- 
tion occurs for high-frequency current and for direct current; and (3) 
the resistance to the flow of high-frequency currents at temperatures 
below the transition. 


LT 
' Silsbee, Scott, Cook, and Brickwedde. Phys. Rev. 39, 379 (1932). 
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The tin specimens were made from NBS Standard Sample materia] 
99.99 percent pure, which was extruded at an elevated temperature 
into wire 0.022 cm in diameter. The tantalum wire, 0.0075 om 
diameter, was in the hard-drawn condition as purchased from the 
Fansteel Co. Spectrochemical analysis of the tantalum showed only 
small amounts of Sn and Si (not over a few tenths percent) and traces 
of Fe, Ca, Al, and Cb. This tantalum showed an abnormally high 
resistance (0.26 times its resistance at 0° C) at 4.0° K and a low 
transition temperature, 3.94° K, as compared with 4.4° K for the 
tantalum reported by Meissner.? The variation of the critical magnetic 
field with temperature (dH,/dT) was 150 oersteds * per degree for the 
tin and 1,250 oersteds per degree for the tantalum. This high value 
of dH,/dT for tantalum and its comparatively large R/Ry at low tem- 
peratures would class our specimen, like many alloys, in the cate ory 
of anomalous superconductors. It was also found, as seems to be a 
characteristic of alloys, that the magnetic field produced at the 
surface of the wire by the critical current :s much smaller than the 
critical value of an externally applied magnetic field, the magnetic 
field of the critical current for the alloy being of the same order as 
the critical magnetic field for pure metals. The magnetic field of the 
critical current was found to increase at a rate of only 50 oersteds per 
degree as the temperature was decreased. 

The specimens were formed by winding the wire bifilarly on glass 
or paper forms, and were provided with current and potential termi- 
nals at both ends. The d-c resistances of the two tin and one tantalum 
specimens, on which most of the data were obtained, were 65, 15, and 
95 ohms, respectively, at room temperature, and 0.06, 0.012, and 25 
ohms, respectively, at 4.0° K. For small currents, the transition 
temperatures were 3.738 and 3.961° K for the tin and tantalum 
specimens, respectively. The temperature at which the resistivity of 
a specimen is half its value in the normal resisting state was taken as 
its transition temperature. Temperatures were calculated from the 
observed vapor pressures of the liquid-helium bath in which the 
specimens were immersed, using the vapor-pressure equation reported 
by Keesom, Weber, and Norgaard.‘ In the range of temperatures of 
this investigation, a change in temperature of 0.001° K corresponds 
to a change in the vapor pressure of helium of about 0.5 mm of Hg. 


II. TIME REQUIRED FOR THE ESTABLISHMENT AND 
DESTRUCTION OF THE SUPERCONDUCTING STATE 


The fact that a conductor in the superconducting state offers no 
measurable resistance to a high-frequency alternating current affords 
no direct evidence that the times required for the establishment and 
destruction of the superconducting state are short. With the aid of 
high-frequency currents, however, it is possible to investigate this 
question. : 

SupPose a specimen is subjected to a rapidly pulsating magnetic 
field, such as might be produced by the superposition of a direct and 
an alternating component; suppose the magnitudes are such that at 

1 Z. Physik 61, 191 (1930). 

2 In accordance with the formal action of the International Electrotechnical Commission in 1930 and of 
the International Union of Pure and Applied Physics in 1932, we here use the name “‘oersted” for the 
unit of magnetic-field intensity in place of the name “gauss,’’ which is still frequently used for both 


unit and that of magnetic-flux density. 
4 Keesom, Weber, and Norgaard. Leiden Communication 202b (1929). 
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sustained values of the field equal to the maxima, the specimen has 
normal resistance; but suppose the temperature is such that in the 
continued absence of the field, the specimen is superconducting. If, 
now, the time required for the establishment or for the destruction 
of the superconducting state is long as compared with the period of the 
pulsations, the specimen would be expected to have a nearly constant 
resistance. If the times required are short, the specimen would 
oscillate between the superconducting and normal resisting condi- 
tions with each cycle of the pulsation. Let, now, a single-frequency 
alternating current, synchronous and in phase with the alternating 
component of the magnetic field, be sent through the specimen. If 
then, the times required for the establishment and destruction of the 
superconducting state are short, the wave form of the (JR) potential 
drop across the specimen will differ from the simple sine-form of the 
eurent and have a strong double-frequency component. Such a 
distortion of wave form would not be expected if the time required 
for the establishment or the destruction of the superconducting state 
were long as compared with the period of the pulsations. 

The requisite conditions were met most simply by superposing 
direct and alternating currents of appropriate values in a wire of 
circular cross section. For any particular value of the direct current 
there is a range of temperatures in which the magnetic field of the 
direct current at the surface of the wire is only slightly less than the 
magnetic field of the critical current for the specimen. If a sufficient 
alternating current is superposed, then during most of one-half of the 
cycle when the fields are aiding, the total field in the outer regions 
of the wire exceeds the critical value and, if the material can follow 
the pulsations, it has resistance. During the other half of the cycle, 
when the fields are opposing, the total field is less than the critical 
value and the resistance is zero. The potential difference at the 
terminals of a wire having such a cyclically varying resistance and 
being traversed by a single-frequency alternating current would be 
expected to have a component of double the fundamental frequency. 
It may be noted that by reason of the skin effect the high-frequency 
current is confined to the outer regions of the wire. 

A double-frequency component originating in the way described 
can be distinguished from spurious effects, such as harmonics in the 
current source, by the following criteria: (1) When the temperature 
is so low that the magnetic field is less than the critical magnetic 
field, even at that crest of the a-c wave which adds to the direct 
current, the expected double-frequency component should be absent; 
(2) when as a result of either (a) high temperature or (b) high direct 
current, the magnetic field is greater than the critical magnetic field 
even at the crest of the a-c wave that is opposed to the direct current, 
the double-frequency component should be absent; and (3) when the 
direct current is zero, and the crest value of the magnetic field of the 
altemating current exceeds the critical value, the wave form of the 
(R)-potential drop, while distorted, should be symmetrical and, 
hence, contain only odd harmonics so that the double-frequency 
component would not be observed. 

he experimental arrangement shown in figure 1 was used. Speci- 
men § was 7. with direct current from battery B through 
ammeter Ay and adjustable rheostat Ro. The d-c potential across the 
88682—38——2 


112 Journal of Research of the National Bureau of Standards (va, » 


ends of the specimen was measured by the deflection of the galya. 
nometer Gp, which was connected to the potential leads at the ends of 
the specimen. This galvanometer, Go, was calibrated with a potep- 
tiometer not shown in the figure. The radio-frequency oscillator was 
coupled magnetically with coil Z,, and induced the main alternating 
current through the circuit [,R,A;SC,. The detecting circuit L,0,§ 
was connected to the potential leads and tuned to double the ogcij- 
lator frequency. To still further reduce the fundamental current 
flowing in L,C,, the auxiliary circuit L’C’R’M, tuned to the oscillator 
frequency, was provided and so adjusted as to insert at M an emf 
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Figure 1.—Circutts used to detect pulsation in resistance. 


S, tin specimen; B, battery supplying d-c component of current; Z;R;A;Ci, tuned circuit supplying a-¢ 
component of current; I2C2, detecting circuit tuned to double frequency; L’C’R’A’, circuit compensating 
fundamental frequency; and D, crystal detector. 


opposed as closely as possible in magnitude and phase to the funda- 
mental component of the potential drop in the specimen. The crystal 
detector D, with galvanomeier G,, indicates the potential drop in coil 
I,. To correlate this with the double-frequency component of poten- 
tial drop in S, the detector was calibrated roughly by adjusting the 
oscillator to give double frequency and noting the deflection for known 
pease’ of M and of current in A’, the main circuit through Z,C, being 
opened. 

With these circuits, observations were made at 200 and 290 ke/s on 
the 65-ohm tin specimen. The procedure for any one measurement 
was to hold the temperature as constant as possible, and for given 
values of direct and alternating current, as read by milliammeters Ay 
and Aj, respectively, to tune circuit L,C, by adjustment of condenser 
C, until a maximum deflection of G, was obtained. This reading was 
recorded and also the readings when C, was thrown off on each side 
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suficiently to destroy the tuning and ome a reading which was almost 
independent of the setting of C,. This false zero arose, presumably, 
from lack of perfect neutralization of the fundamental component of 
the drop by the auxiliary emf of M. 
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Fiaure 2.—Double-frequency component of potential drop as a function of temperature. 
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Figure 2 gives the results of a typical set of measurements made at 


4‘ succession of different temperatures held constant during each 
7 Xasurement, the superposed direct and alternating currents being the 
} ‘me for the entire set. The values plotted in figure 2 are for a run 
i which the direct current was 69 ma, and the root-mean-square 
value of the alternating current 143 ma and its frequency 200 ke/s. 
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The ordinates of curve J are the deflections of the galvanometer in 
series with the crystal detector after subtraction of the residual 
detuned deflection. Curve JJ is the d-c resistance transition cyry, 
derived from the simultaneous deflections of the galvanometer ot 
nected across the ends of the specimen through a choke coil. : 

It is seen from curve J that a small amount of double-frequene 
component is present at all temperatures, perhaps because of a — 
monic in the oscillator, but that a very marked increase in this com. 
ponent occurs in a temperature range at the colder end of the trangj- 
tion range. The small curves at the bottom of figure 2 indicate 
approximately, for temperatures 3.68, 3.70, and 3.72° K, respectively 
the cyclic variation in resistivity (plotted as ordinate) of the outer. 
most portion of the specimen which would be expected to result at 
each temperature from the cyclic variation in the total instantaneous 
current (plotted as abscissa) and hence in the net magnetic field at 
the surface of the wire. The center of oscillation of the a-c component 
of the magnetic field is displaced from the origin by the d-c component 
In the calculation of the ordinates (resistivity of the surface layer of 
the wire) of these lower curves, use was made of the resistance transj- 
tion curve JJ and its displacement with current (from figure 5 below) 
If the relations between resistivity and current shown by these curves 
are combined with the sinusoidal variation of current with time, the 
resulting variation of resistivity with time shows a fundamental 
component of the cyclic variation, which is much greater at 3.70°K 
than at either the higher or lower temperature. The double-frequency 
component of voltage drop is proportional to this fundamental com- 
ponent in the variation of resistivity. Hence it appears that the 
observed effect occurs at just the temperature to be expected if the 
times required to establish and destroy the superconducting state 
are short, and satisfies the criteria 1 and 2a given above for dis- 
tinguishing from a spurious effect, a double-frequency component 
arising in the way expected. 

Figure 3 gives the results of a set of measurements taken with the 
specimen at a constant temperature (3.706°K) and a fixed alternating 
current of 102 ma (rms), various values of superposed direct current 
up to 170 ma being used. As before, ordinates are deflections of the 
galvanometer in series with the crystal detector after subtraction of 
the residual detuned deflection. In accordance with criterion 3, the 
double-frequency component is very small when the direct current 
is zero. It increases to a maximum (at 118 ma) with increasing cur- 
rent and then decreases with further increase of current. The small 
curves at the bottom of figure 3 show the cyclic variation to be 
expected in the resistivity of the surface layer of the wire for super- 
posed direct currents of 50, 120, and 170 ma, respectively. Here, as 
in the case of figure 2, the amplitudes of the variations in resistivity 
are at least roughly consistent with the observed variation of the 
double-frequency component (upper curve), if it is assumed that the 
resistivity follows with practically no lag the variations in current 
and magnetic field. 

A quantitative check based on the magnitude of the double- 
frequency component is rendered difficult both by the complexity 
introduced by skin effect and the experimental difficulty of avoiding 
stray coupling while calibrating the detector by the emf induced in 
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the mutual inductance M, (figure 1.) Of the 12 sets of measurements 
made at successively different temperatures while the currents were 
held constant, 8 were secured with reasonably good calibrations. All 
eight sets corresponded to fairly large current values, so that at the 
optimum temperature the resistivity of the surface layer should have 
heen carried from zero to full value during each cycle. Taking the 
current through the detector (and the galvanometer deflections) as 
proportional to the square of the emf across the detector, the double- 
frequency emf induced by the specimen was found to be proportional 
to the magnitude of the fundamental-frequency current flowing 
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through the specimen, their ratio being 0.08+0.008 mv/ma. An 
exact calculation of the magnitude of the double-frequency emf to be 
expected is not feasible but an approximate calculation shows that 
with the optimum value of direct current, the double-frequency emf 
(ms) should be of the order of J,R,/-/8, where J, is the current (rms) 
of fundamental frequency and R, is the effective a-c resistance of the 
specimen for this frequency. The effective resistance of the specimen 
for 200 ke/s was about 0.36 ohm, from which one would expect a 
double-frequency effect amounting to 0.36/-/8 equal to 0.13 mv/ma. 
This is of the same order of magnitude as that observed. The differ- 
ence in value is no greater than can be attributed to the uncertainties 
either in experiment or in theory. 

We conclude, that if any time at all is required for the establish- 
ment and for the destruction of the superconducting state it is short 
compared with 510~* sec and is probably less than 1X10~° sec. 
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III. TRANSITION TEMPERATURE 


The transition from the normal resisting to the superconductin 
state of the polycrystalline specimens here used, while occurring 
within a narrow temperature range, occupied a finite interval of 
about 0.02° K in tin and 0.05° K in tantalum. The obvious procedure 
for determining whether there is a difference between the transition 
temperatures for direct and high-frequency currents is to observe the 
resistance of the specimen at various temperatures through the trangj- 
tion range using (a) direct current and (b) radio-frequency curren; 
and to compare the temperatures at which a given fraction (say, 
one-half) of the resistivity was present. In the case of direct current, 
the resistance was easily obtained by the usual method of passing a 
small current, J, measured with a milliammeter, through the current 
terminals of the specimen and noting the potential difference F 
thereby produced between the potential terminals. 

A Wenner potentiometer was used sometimes for this latter purpose 
but it usually sufficed to leave the dials set on zero, and to note the 
deflections of the galvanometer, which thus (with suitable shunt and 
— resistances) served as a voltmeter. The resistance was taken 
as E/TI. 

At radio frequencies, however, the matter is not so simple, since 
ordinary methods of resistance measurement give only the total 
resistance of the circuit, which was many times that of the tin speci- 
men even when above its transition. The procedure used in most of 
the measurements was to connect the current terminals of the speci- 
men in series with a thermal milliammeter, an inductance, and an 
adjustable air condenser. This circuit was then loosely coupled to a 
simple laboratory oscillator, which used a 210 tube with a plate 
voltage of 400. The frequency could be adjusted to any desired 
value from 50 to 4,000 ke/s. The specimen circuit was tuned to 
resonance, as shown by a maximum of current. The temperature of 
the cryostat was then allowed to drift slowly through the transition 
range, while the electrical circuits were left undisturbed. Simul- 
taneous readings of the milliameter and of the vapor-pressure manom- 
eter were taken during the change. ‘Transition curves, such as shown 
in fig. 4, could be plotted from these data, using also the change in 
current observed when a known resistance was added, and the assump- 
tion that the specimen had zero resistance at the cold end of the 
transition range.°® 

The frequency which could be used effectively was limited to about 
1,000 ke/s with the tin specimens and to 3,500 ke/s with the tantalum 
specimen, because of the unavoidable capacitance of the specimen and 
its leads to the metallic walls of the liquefier. It is probable that the 
apparent resistance of the specimen was considerably enhanced by 
such capacitance effects even below these limits, but the procedure of 
plotting the transition curves on a percentage basis prevents any such 
error from appreciably affecting the curves. 

A more serious difficulty arose from the lag of the temperature of 
the specimen behind that of the helium bath in which it was immersed. 
This was largely avoided by taking the mean of pairs of transitions, 
one heating and the other cooling. Slight differences in the rate at 
which the temperature drifted in the two transitions of each pair are 
probably the main cause of the scattering shown in the results. 


5 For details of the resistance variation method, see NBS Circular 074, p. 180 (1924). 








SER cReS 


Te 









Sa 


of 
cu 
sp 
0.( 


RaTin 





















ter, Brickwedde,) — Superconduction at Radio Frequencies 117 


A further complication arises from the magnetic and thermal effects 
of the current used in making the measurement. The maximum 
currents used (200 ma for the tin specimens and 30 ma for the tantalum 
specimen ) would be expected to depress the transition by 0.029 and 
9,032° K, respectively. The specimens were wound bifilarly but 
with rather close spacing, so that the mutual action of neighboring 
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Figure 4.—Transition curves with alternating and direct current superposed. 
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I. Alternating-current resistance as a fraction of the a-c resistance above the transition. 
I, Alternating-current resistivity as a fraction of the a-c resistivity above the transition. _ 
III, Direct-current resistance and d-c resistivity as fractions of their values above the transition. 


wires may have appreciably increased the effect as estimated above 
for a straight wire. A heating effect of the current, while absent at 
the cold end of the transition, might be present at the hot end. In 
the case of the tin wire, the great skin effect would make such heat- 
ing more pronounced at the higher frequencies and might introduce 
a2 apparent shift in transition temperature with frequency. Because 
of the smaller diameter and much larger resistivity of the tantalum 
specimen, the skin effect in it was negligible. 
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To minimize these effects in the final comparison, the data on the 
two tin samples were plotted as shown in figure 5, in which the ordi. 
nates are the temperature of the helium bath at which the specimen 
showed one-half of its normal resistivity, while the abscissas are the 
values of the measuring current. The different markings of the points 
correspond to different frequencies and specimens. It is to be noted 
that by reason of the great skin effect the attainment of half of norma] 
resistivity corresponds to the attainment of 70.7 percent of the full 
effective resistance at the radio frequencies used. Although the resist. 
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ance would be expected to first appear as the crest of each wave of 
alternating current carried the surface material above the critical 
magnetic field for the existing temperature, it would again drop to zero 
during much of the cycle, hence, root-mean-square values of the 
currents rather than crest values were arbitrarily chosen for use as 
abscissas in figure 5. 

The straight lines shown;were located by the method of least 
squares to most nearly fit the’data on direct current and on alternating 
current, respectively. Points at all frequencies other than zero were 
taken as of equal weight. The intercepts of the two lines are the best 
available indication of the midpoint of the transition when magnetic 
and heating effects of the currents are eliminated. These values are 
3.738° K for direct current and 3.740° K for alternating current. 
The difference, 0.002° K, somewhat exceeds the mean-square devia- 
tion, which is 0.0007° K for either intercept, but is probably not 
significant. 

The slope of the direct current curve, 2.0 10-* °K/ma, is somewhat 
larger than the value 1.210~4, calculated from Tuyn’s ° data, for the 
case of a single straight wire, presumably because of the mutual 
magnetic effects of adjacent wires. 


*J. Franklin Inst. 201, 379 (1926). 
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The device of superposing direct and radio-frequency currents in 
the specimen simultaneously, offered some promise as a means for 
making sure that both sets of measurements corresponded to exactly 
the same temperature. Figure 4 shows a typical pair of transition 
curves obtained with the longer tin specimen when a direct current 
of 69 ma and a current of 136 ma (rms value) at a frequency of 200 
ke/s were superposed. Curve I shows the effective a-c resistance 
(expressed as a fraction of the normal a-c resistance above the tran- 
sition range) plotted against temperature. Curve JJ gives the a-c 
resistivity, taken as proportional to the square of the corresponding 
resistance; while curve /JJ gives the d-c resistance (and resistivity) 
as a fraction of their normal d-c values. At 3.68° K it is seen that 
the specimen offers an appreciable resistance to the alternating 
current while at the same time it offers practically none to the direct 
current. This paradox is easily seen to result from the fact that the 
material in the “skin” is subject to a pulsating magnetic field having 
a crest value of 5 oersteds produced oy the combined action of the 
d-c and a-c components of the current and that the a-c component 
of current is forced by self-inductive effects to flow in this resisting 
skin, The d-c component, however, can escape into the core which, 
with a maximum field of 1.3 oersteds due to the d-c component only, 
will still be of very low resistance. The amount of the effective dis- 
placement of curves JJ and JII depends in such a complicated way 
upon the magnitude and phase relations of the alternating current 
at various depths in the “‘skin”’ that the data obtained by the super- 
position of the two types of current are not of much value in comparing 
transition temperatures. 

In the case of the tantalum specimen, with its higher resistance, 
smaller radio-frequency currents could be used without loss of pre- 
cision. The experimental procedure found best was to hold the 
specimen successively at two intermediate temperatures in the transi- 
tion range, allowing a sufficiently long time (usually 4 minutes) for 
the specimen to come to temperature equilibrium with the bath. 
The temperatures were so chosen that both points fell within the 
central portion of the transition range where tbe resistance is varying 
almost linearly. The temperature corresponding to the attainment 
of half the normal resistance was computed by a linear interpolation 
between these two points. Data obtained by approaching both 
points from below agreed with those obtained from above, the average 
deviation being about 2 percent in resistance or 0.001°K. The 
results of the two most reliable sets of data are given in table 1. The 
mean difference between the d-c value and those at 3,500 kc/s is 
0.010° K. These results were obtained with direct currents of 5 ma 
and with alternating currents which were 6 ma (rms) when the speci- 
men was cold but which fell off to 4 ma when the resistance was fully 
restored. The effects of current should therefore have been nearly 
equal in the two cases except as the cyclic variation by carrying the 
alternating current to crest values higher than the d-c or root-mean- 
square values may have produced an effect. The total observed 
| change in resistance through the transition at 3,500 ke/s was 35.7 ohms 
which is 43 percent more than the d-c resistance change. This may 
have been due in part to dielectric losses in the insulation of the leads, 
to a local circulation of current between the specimen and the capaci- 
tance of the leads, thus increasing the current in the former, and to 
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other extraneous effects. Also, if an appreciable part of the excess 
resistance was the result of a skin effect greater than the small amount 
calculated on the basis of an isolated straight wire, the temperature 
for the restoration of one-half the resistivity would be higher, and 
hence nearer to the d-c value, than the temperature for the restoration 
of one-half the resistance. In view of these possibilities the observed 
difference in transition temperature, while greater than the accidental 
errors of measurement, is perhaps not larger than can be accounted 
for by some factor such as those mentioned above. 


TABLE 1.—Temperature at which tantalum specimen had one-half normal resistance 











Transition temperature 
Date Frequency 
Direct Alternating 
current current 
pe ¢ °K kc/see 
8/14/34___.---- 3. 948 H = 7a 
oras4......-. 3. 947 3. 935 3, 500 




















We conclude that there is no effect of frequency per se in the super- 
conducting transition temperature up to the frequencies here used, 
310° c/s. This is in accord with the conclusion of Burton.’ It is, 
of course, possible that there may be an effect at higher frequencies.’ 


IV. MICRORESIDUAL RESISTANCE 


The electrical methods described above for measuring effective 
resistance at radio frequencies gave directly only the total resistance 
of a complete circuit. The metal-clad construction of the liquefier 
prevented us from inducing currents in a complete superconducting 
circuit, as had been done by the workers at Toronto. The resistance, 
0.7 ohm, of the longest tin specimen was so small compared to the 
minimum workable value of about 6 ohms in the external circuit, that 
there was little hope of obtaining satisfactory measurements by any 
method of differences. In view of this situation, an attempt was 
made to apply calorimetric methods which could separate the heating 
and hence the resistance in the specimen proper from that in the 
rest of the circuit. 

The very low specific heat of metals at low temperatures and the 
high sensitivity in temperature measurement obtainable with a 
helium vapor-pressure thermometer in this range were favorable 
factors. However, difficulty in securing sufficiently good thermal 
insulation of the specimen and the long time required for thermal 
equalization to be attained throughout the specimen reduced our 
precision so seriously that the method was finally abandoned. The 
following paragraphs, however, summarize the meager results 
obtained. 

The specimen consisted of 0.6 g of tin which had been extruded into 
wire 0.022 cm in diameter and 2.25 m long. This was,wound into 


7. F. Burton. The Phenomenon of Superconductivity, p. 73, University of Toronto Press (1934). 
8 See McLennan, Burton, Pitt, and Wilhelm. Proc. Roy. Soc. (London) [A] 136, 52 (1932). 
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coil about 3 cm in diameter made in two sections, so connected that 
their magnetic fields were in opposition, to minimize induction effects 
in the walls of the liquefier. Adjacent wires were separated by a silk 
thread and successive layers by cigarette paper, the whole structure 
beng cemented with collodion. A resistance thermometer consisting 
of 400 cm of phosphor-bronze wire 0.013 cm in diameter wound 
bifilarly and having a resistance at room temperature of about 44 ohms 
was embedded between the two sections of tin wire. A few centi- 
meters of lead (Pb) wire were used between the main specimen and 
the copper Wires running out of the liquefier. As lead is supercon- 
ducting up to 7.7° K, it was expected that there would be no heating in 
these connecting wires, even during the check runs made with the 
temperature slightly above the transition temperature of tin. 

The flow of heat down the copper wires into the liquefier proper 
was so great, however, that, in spite of repeated efforts to get good 
thermal contact between these wires and the upper chamber of the 
liquefier, the junction of the Jead and the copper wires was appreciably 
warmer than the walls of the liquefier. When the space surrounding 
the specimen was pumped down to a vacuum sufficient to give moder- 
ate thermal insulation, the specimen took on an appreciable fraction 
of this temperature difference and was about 0.22° K warmer than 
the bulb of the vapor-pressure thermometer. When current was 
flowing in the specimen the heating in the copper wires could cause a 
change in this temperature difference. This effect, together with 
possible dielectric loss in the insulation between the layers of the 
specimen and the currents which may have been induced in the 
phosphor-bronze winding, in spite of its bifilar arrangement, con- 
stituted possible sources of heat, even if the specimen itself had zero 
resistance. 

Some 75 calorimetric runs were made on three different days and 
with two different specimens. When the thermal insulation was 
good enough, the rise in resistance of the bronze thermometer wire 
produced by a measured current of radio frequency flowing in the 
specimen for a measured short time (10 to 15 sec.) was taken as meas- 
wing the heat developed in the specimens under the conditions of 
temperature, frequency, etc., then existing. This tacitly assumes 
that the specific heat is constant. The known variations of specific 
heat in this range are not such as to seriously affect the conclusion. 
When the thermal insulation was not so high the current was allowed 
to flow until the bronze had come to a steady temperature and the 
calculations of rate of generation of heat were based on comparisons of 
these ultimate temperature rises (usually less than 1° K). Runs were 
made below (at about 2.5° K) and above (at about 3.9° K) the transi- 
tion temperature of tin. In all cases some heating was observed 
and it is impossible to estimate precisely how much may have been 
due to the sources listed above. Table 2 gives the ratio of the effec- 
tive resistance below the critical temperature to that observed at the 
same frequency above the transition. These figures are the average 
of a number of observations and indicate that the greater part at 
least of the resistance of tin vanishes below the transition even at 
radio frequencies. 
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TaBLE 2.—Ratio of heating observed at temperature below the transition temperaiure 
to that observed above the transition, tin sample 
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1 These figures for the high-frequency currents are larger than the ratio of about 0.01 reported to the Amer. 
ican Physical Society at its meeting in April 1933 because of the inclusion of additional data. 


It may be noted that the ratio of a-c to d-c heating above the trangj- 
tion temperature was about 10:1 at 514 ke/s, which is in reasonable 
agreement with the value 8.5:1 calculated from the skin effect in g 
straight wire of the same diameter at this frequency. 

The much greater resistance of the tantalum specimen made 
possible the use at radio frequency of a method of differences which 
served to separate the resistance of the specimen proper from that of 
the rest of the circuit. The total resistance of the circuit containing 
specimen, leads and milliammeter was measured by the resistance- 
variation method,® by noting the value, J,, of the current at resonance 
with the circuit in normal condition, and the value J, when a resistance 
AR had been added, and the circuit again tuned. The original 
resistance of the circuit is then given by 


R=ARI,/(I,—L,) 


Let the resistances of the two leads running to one end of the 
specimen be denoted by A and B, respectively, and those of the two 
leads to the other end by C and D, the resistance of the specimen 
being X. By connecting in succession each of the six possible pairs 
of terminals to the tuned radio-frequency circuit, the external part 
of which has the resistance Y, six values of total circuit resistance can 
be determined. If there is no mutual action between the various 
leads these six values will be 


R,=A+B4+Y 
R,=A+C+Y+X 
R;,=A+D4+Y4+X 
R,=B+C+Y+xX 
R;=B+D4+Y4+xX 
Re= C+ D + Y 
Eliminating the lead and external-circuit resistances from these 
equations gives 
2X=R,4+R;—R,—Rez, or 
2X=R,+R,—R,—Rf, 


as two partially independent determinations of X. 
* NBS Circular C 74, p. 180 (1924). 


i. —. 


h 
que 


ing | 
field 
havi 


7eTO 
tions 


supe 
ably 
less 
case 
of th 
tin 


large 
the ¢ 


rT) Oth 
Certain 















sunee, Brickwed’s) — Swperconduction at Radio Frequencies 123 


By this method 48 such determinations were made of the resistance 
of the tantalum specimen at temperatures from 2.9 to 3.6° K, well 
below its transition of 3.9° K. Three of the measurements were dis- 
carded as they differed from a tentative mean value in which they were 
included by more than 6 times the average deviation of a single obser- 
yation from this mean. The results from the remaining 45 deter- 
minations are shown in table 3. The second column gives the number 
of determinations made at each frequency; the third column, the 
algebraic mean of these results; and the fourth column, a measure of the 
precision of the items in the third column, this measure being obtained 
by dividing the mean value without regard to sign of the several 
determinations by the square root of the number of determinations. 
It happens that the mean of all the values of resistance in the super- 
conducting state comes out to be only —0.02 ohm, but the measure- 
ments should be considered as indicating merely that the microresidual 
resistance is less than 0.2 ohm, or 0.8 percent of the resistance just 
above the transition. 


TABLE 3.—Resistance of tantalum specimen below transition 
[Resistance just above transition =25 ohms} 











Number Avg. de- 
Frequency] of meas- — viation 
urements Vn 
ke/s Ohms Ohms 
500 2 —0. 25 +0. 18 
1, 000 4 +. 27 ck. 18 
1, 500 7 —.37 xt. 22 
2, 000 7 —. 29 ck. 12 
2, 500 7 —-.11 zt. 11 
3, 000 7 +. 02 ck. 25 
3, 500 ll +. 59 tk. 28 
ye Sacer —. 02 zt. 20 




















V. CONCLUSIONS 


In view of the foregoing results, the answers to the three major 
questions seem to be as follows: 

1. The transition from the normally resisting to the superconduct- 
ing state and back again, under the influence of a pulsating magnetic 
field, can take place with sufficient rapidity to follow pulsations 
having a frequency of 200,000 c/s. 

2. The change in transition temperature with frequency is probably 
zero up to 3X 10° c/s, the small observed shifts being in opposite direc- 
tions in the two materials tried. 

3. The microresidual resistance for high-frequency currents of a 


| ‘uperconductor when well below its transition temperature is prob- 


ably zero. If any resistance exists, these experiments show that it is 
less than 4 percent of the resistance just above the transition in the 
case of tin, and less than 1 percent, in the case of tantalum. In terms 
of the resistance at room temperature these limits are 4X107* for 
in and 2X10-* for tantalum. These limits are unfortunately much 
larger than the corresponding limits for d-c measurements because of 
the experimental difficulties met in high-frequency work. 


Wasnincron, September 30, 1937. 


a one experiments (NBS J. Research 18, 295 (1937)) RP977, indicate that, at least in tantalum under 
rather limited conditions, a special type of transition may occur at a relatively very slow speed. 
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SPECTRUM OF LUTECIUM MONOXIDE 
By William W. Watson! and William F. Meggers 


ABSTRACT 


A vibrational quantum analysis is given for the most conspicuous band system 
of the LuO spectrum. The wave numbers of band heads in this system are 
represented by the equation: 
v= 21471.8+ 791.60(v’ + %) —3.12(v’ + 4)?— 841.66(v’’ +) 
+4.07(v'’ + %)2—2.070'v’’. 
The unexpected singlet character of the spectrum and the value of the vibra- 
tional frequency are discussed. 


Spectra of the monoxides of a large number of the elements are 
known, and for many of these, quantum analyses, at least for the 
measurements of the band heads, have been made. For the rare- 
earth group, however, but one analysis has so far been reported, that 
of two apparently unrelated band systems of GdO observed in the 
oxyhydrogen flame by Piccardi,? who states that many of the bands 
appear very bright at flame temperature but disappear completely 
at are temperature. Instability at arc temperature may account for 
the general lack of data on the band spectra of the rare earths, although 
it may be attributed in part to the same difficulties hindering the 
analysis of their atomic spectra (scarcity of pure materials, com- 
plexity of spectra, high multiplicities, low ionization potentials, etc.). 
Because of their probable low multiplicity, the molecular spectra of 
the first (cerium) and the last (lutecium) of the rare-earth group might 
be expected to be more amenable to vibrational quantum analysis 
than the others. Particularly is this true for lutecium, the ground- 
state configuration of which is similar to that of lanthanum but with 
the addition of the completed shell of 14 j-type electrons. Lutecium 
is, Indeed, outstanding among the rare earths in showing a sequence 
of intense bands in the conventional arc spectrum. 

_Anew description of the conventional arc and spark spectra of lute- 
cum was recently published by Meggersand Scribner.’ Using a220-volt 
d-e arc carrying 5 amperes between pure-silver electrodes on to which 
some lutecium oxide was fused, it was found that in the entire range 
from 2000 to 11000.A the only bands attributable to lutecium com- 


LT 
; Associate Professor of Physics, Yale University. 
a, Piccardi. Gazz. chim. ital. 68, 887 (1933). Although Piccardi displays 10 systems of bands only 2, 
nd Pinion, can be ascribed to GdO molecules. Two systems with 0,0 bands at 17597.3 and 16931.8 cm=! 
and vibrational frequencies of 276.1 and 303.1, respectively, for the lower states are suggestive of a fairly 
i monochloride; they may be due to GdOl. The remaining systems are isolated sequences, two of 
re » With 0,0 heads at 16169.1 and 16093.1 cm=!, are most probably identified as CaCl, while the rest may 
Vo nentary chloride systems of Gd or of impurities. 
- F. Moggers and B. F. Scribner. J. Research NBS 19, 31 (1937) RP1008. 
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pounds occur in the blue portion of the spectrum. These bands do. 
grade to the red, are apparently single-headed, and fall principally 
into two groups or sequences, one quite intense with principal head at 
4662 A, the other much weaker and beginning with a band at 4509 4 
That this spectrum is emitted by the LuO molecule is indicated by 
structural resemblance with other monoxide spectra. Although the 
observed bands, about 35 in number, may not constitute the entire 
spectrum of LuO, it seems probable that no other band sequences of 
comparable intensity or length exist. And since further experimental 
study of the LuO spectrum is at present impossible because of the 
scarcity of material, we feel that the analysis of these bands should be 
presented as a contribution to the limited knowledge of the spectra of 
rare-earth molecules. A reproduction of the principal bands of this 
spectrum is shown in figure 1. 

The more intense group of bands starting at 4662A forms the 
Av=0 sequence of the system, while the less intense group on the 
shorter wave length side of this is the Ao=—1 sequence. Placing these 
band head frequencies in a v’v’’ array in such a fashion as to give 
plausible values for AG’’(1/2), the frequencies of a possible Av=-+-] gp. 
quence were computed. These were found to agree quite closely with 
“hazy’’ lines of low intensity in the wave-length tables of Meggers and 
Scribner, who assumed them to be characteristic of neutral Lu atoms, 
However, none of these lines have been found essential in the Lu 
analysis, and inspection of the spectograms shows that they are weak 
band heads. 

Two additional weak band heads needed to complete the —1 
sequence were found on the most intense spectrogram. The 1's’ 
array of LuO bands in table 1 shows the wave numbers corresponding 
to band heads, whose wave lengths and estimated intensities appear 
in table 2. 

The wave numbers of these heads are given by the equation: 


v=21471.8+791.60(v’ +1/2)—3.12(v’ + 1/2)?—841.66(v0’’ + 1/2) 
+4.07 (v’’ +1/2)?—2.07 v’v’’ 


Allowance for the variation in the interval rnesa—vo with v is made 
with the final v’v’’ term. The coefficient 2.07 for this term is unusually 
large, indicating that there is but a very small change in the moment 
of inertia of the molecule in its transition from one electronic state to 
the other. One would also expect this from the relatively small 
change (6 percent) in the vibrational frequency, which apparently 
causes the Condon parabola for the distribution of the most intense 
bands to be so narrow as to give only the Av=0 sequence good inten- 
sity. There is some indication of the necessity of a cubic term in’, 
but random fluctuations in the course of the few AG(v’ +1/2) intervals 
make its evaluation uncertain. The magnitude of the vors—Veatc. ail- 
ferences, as well as the low intensities for the bands involving the 
v’=5 level, indicate a perturbation of this level. 
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Spectrum of Lutecitum Monozxide 
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TABLE 2.—Band heads in the spectrum of lutecium monoxide (LuQ) 





























v’, vo Asir A Intensity | Pyac.cm~! | Vobe.—Voale. 
| 
2,1 | 4508.91 5 22172. 1 —1.7 
3,2 | 4521.08 2 22112. 4 —0.5 
4,3 | 4533.39 5 22052. 4 +2. 4 
5,4 | 4546.2 1 21990, 2 +5. 4 
6,5 | 4560. 95 8 21919. 1 +1.8 | 
7,6 | 4575.31 5 21850. 3 2.8 
8,7 | 4590.68 3 21777. 2 +1.7 
9,8 | 4606.8 1 21701. 0 —0.3 
0,0 | 4661.75 | 150 21445. 2 —1.8 
1,1 | 4672.31 | 120 21396. 7 —0.1 
2,2 | 4684.16 | 100 21342. 6 —1.7 | 
3,3 | 4695.46 | 80 21291. 2 +1.6 | 
4,4 | 4708.00 | 60 21234. 5 +1.0 | 
5,5 | 4720.86 5 21176. 7 +3.3 
6,6 | 4735.00 | 25 21113. 4 +1.4 
7,7 | 4749.11 10 21050. 7 +23 
8,8 | 4764.22 7 20984. 0 +1.6 
9,9 | 4780.11 5 20914. 2 —0, j 
10,10 | 4798.00 3 20836.2 | —7.7 
1,2 | 4860.15 1 20569.7 | +0. 4 
2,3 4870. 78 1 20524.9 | 2.0 
3,4 | 4882.40 | 3 20476.0 | +1.7 | 
4,5 | 4895.00 | 1 20423.3 | —0.1 | 
5,6 | 4907.16 | 1 20372.7 | +2, 4 
| 67 | 4921.70 | 3(+Lum) | 203125 —2.4 
| 7,8 | 4935.53 | 2(+¥bm)| 20255.6 | 1.7 
| 89 | 49498 | 1 20197. 2 | —0.3 








One would expect a multiplicity of two for the terms of the neutral 
LuO molecule, with considerable resemblance between the spectra of 
LuO and LaO molecules because of the similarity in their electron 
configurations. Seven or more band systems due to LaO have been 
described * and the doublet character of the LaO levels has been 
reported for at least five of these systems. The LuO bands, although 
more or less diffuse, are apparently single-headed. The most plausible 
explanation of the appearance of just this singlet band spectrum 
would seem to be that it constitutes say a 7Agy—Aox or a *dy,"by, 
transition (possible types for LuO), with the other multiplet com- 
ponent, *Ay—*Ay or *¢2,—>°da,4, respectively, practically eliminated by 
predissociation in the upper state. Such registration of just one 
component of the complete multiplet transition has been noted in 
other cases (NiH,® CoH).® Some of the unassigned bands (4094, 4096, 
4239, 4242, 4569, 4654, 5161, 5170 A) may represent a trace of the 
missing transition (or of other systems). 

The vibrational frequency w’’=841.66 differs but little from the 
value 841.00 for one of the GdO systems analyzed by Piccardi. Thisis 
not surprising, for in view of the nearly identical chemical behavior of 
all the rare earths the force constants for the vibrations of homologous 
molecules for all of these elements should be nearly the same. There 
should be but a 1 percent change in the vibration frequency due to the 
change in the reduced mass of the molecule in passing from Ce( to 
LuO. It would seem then that all of the rare-earth monoxides should 
have one lower state vibrational frequency in the range 840 to 850 cm™. 


Wasuineton, November 15, 1937. 


4 W. Jevons. Proc. Phys. Soc. (London) 41, 520 (1929). W. F. Meggers and J. A. Wheeler. BS J. Re- 
search 6, 239 (1931) RP273. z . 

‘A. G. Gaydon and R. W. B. Pearse, Proc. Roy. Soc. (London) [A] 148, 312 (1935). A. Heimer, Z. Phys. 
105, 56 (1937). (2Aax4-9Agx, transition.) 
*A. Heimer, Z. Phys. 104, 448 (1937). (%@4-3%q,4 transition.) 
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QUANTITATIVE ANALYSIS, WITH RESPECT TO THE 
COMPONENT STRUCTURAL GROUPS, OF THE INFRA- 
RED (1 TO 2 ») MOLAL ABSORPTIVE INDICES OF 55 
HYDROCARBONS ! 

By Frank W. Rose, Jr.? 


ABSTRACT 


Data from previous studies on the infrared absorption spectra between 1.2 
and 1.8 » (5400 to 8900 cm-') for 54 hydrocarbons have been analyzed mathe- 
matically. The total molal absorptive index, K, at any wave length, is shown 
to follow, within the limits necessary to define the number of groups, the formula 


K=n,a+ 58 (a) 
for the normal paraffin hydrocarbons, and the formula 
K=nga!’ +8 + ney + nd (b) 


for other classes of hydrocarbons, where ng, ns, 2., Ng are the number of —CH;, 
>CH;,, > CH, and >CH (aromatic) groups and a (or a’), B, y, 6, are the values 
respectively, of the absorptive index for the respective unit group. Equation 
b is demonstrated to hold for branched-chain paraffins, cycloparaffins (naph- 
thenes) and aromatic hydrocarbons, including 10 of high molecular weight 
(Cy to Cge). The accuracy of the method as well as restrictions on its appli- 
cation are given. Possible extensions in order to distinguish between paraffins 
and cycloparaffins are indicated. Its use is demonstrated by an example of the 
identification of an unknown isomeric nonane. 
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I. INTRODUCTION 


In connection with the work of the American Petroleum Institut, 
Research Project 6 on the separation and identification of hydro. 
carbons from petroleum, the property of infrared absorption betwee, 
1.2 and 1.8 » (5400 to 8900 cm) was first used to “fingerprint” 
the hydrocarbons isolated [1] * and later, in a qualitative way, to aid 
in the identification [2]. For the hydrocarbons of low molecular 
weight, most of which have been synthesized and subjected to measure. 
ment, the identification can be definitely made by comparison with 
the synthetic hydrocarbons, using such physical properties as molecy- 
lar weight, carbon-hydrogen content, boiling point, freezing point 
density, and refractive index, as discussed by Washburn [3], and 
leaving the infrared-absorption spectra as a corroborating “finger. 
print.” In the case of hydrocarbons of higher molecular weight 
however, relatively few have been synthesized, and it often becomes 
impossible to identify the hydrocarbons isolated from petroleum 
because of the absence of data on the corresponding synthetic hydro- 
carbons of known structure. 

In this latter case, recourse must be had to methods of identification 
that will yield a knowledge of the class or type of the given unknown 
molecule and of the nature and number of its structural units, A 
number of effective methods for classifying unknown hydrocarbons 
and their mixtures according to the general or average type of molecule 
have been developed and used extensively in recent years. These 
methods include the use of the molecular volume [4], the viscosity 
index [4, 5, 6, 7, 8], the specific refraction [9], the specific dispersion 
(9, 10, 11, 12, 13, 14], the viscosity-gravity index [15], refractivity 
intercept [16], etc. But known properties which yield information 
concerning the actual structural units of hydrocarbon molecules are 
rare. It has been known for several years that the infrared absorption 
due to vibrations between carbon and hydrogen atoms in the region 
of the spectrum from 1.2 to 1.8 yw is different in both wave length and 
intensity for —CH;, >CH.,, >CH, and >CH (aromatic) groups 
[17, 2]. It seemed desirable, therefore, to extend the method of 
Wulf and Liddel [36] so that this property might yield quantitative, 
as well as qualitative, information concerning the structural units of 
an unknown hydrocarbon molecule. 

The present report gives the results of a quantitative mathematical 
analysis of the infrared-absorption curves for 54 hydrocarbons that 
have already been published by the Project [2, 18], with the purpose 
of yielding the numerical values for the number of structural groups 
in a given unknown hydrocarbon molecule whose molecular weight 
and carbon-hydrogen composition are known. The method proposed 
is neither absolute nor independent, but reliable results can be obtained 
by the use of this property in conjunction with a judicious considera- 
tion of certain other properties of the unknown hydrocarbon. 


II. DISCUSSION OF CONCEPTS 


Although W. Herschel [19], in 1800, demonstrated the existence of 
radiation having wave lengths longer than those of the visible spec- 
trum, the infrared-absorption spectra of organic compounds were not 

? Figures in brackets here and throughout the text refer to the references at the end of the Pe shrough 


‘4 Hereafter an incomplete valence bond indicates the attachment to the remainder of the moiecule 
another CO atom. 
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studied until 1881, when Abney and Festing [20] investigated a series 
of typical organic liquids in the near infrared (0.7 to 1.2 ») by photo- 

aphic means. These authors correctly stated (for this region) “that 
the foundation of all absorptions in these bodies is the hydrogen,” and 
furthermore advanced the hypothesis that absorption at specific wave 
lengths can be attributed to certain radicals. These authors also 
made a distinction between paraffinic and aromatic bonds. Using a 
bolometer, Julius [21] extended the range of measurements to 10 uy, 
and concluded that the absorption spectrum is a function not only 
of the elementary composition but also of the structure of the com- 
pound. Julius assigned the maxima at 3.45 » and 6 to 7 y§ in the 
curves of percentage absorption plotted against wave length to the 
presence of methyl (—CHs) groups in the molecule. Later Donath 
23], from work on essential oils, found maxima at 1.69 and 2.2 » and 
concluded that the action is intermolecular and not intramolecular, 
because the absorption bands were not as sharp as those in the visible 
spectra. Coblentz [22] stated that Ransohoff [24] measured the ab- 
sorption spectra of six alcohols, finding maxima at 7.71, 3.0, and 3.43 un, 
the absorption at 3.0 » being assumed to be characteristic of the 
hydroxyl group. Puccianti [25] investigated a series of benzene de- 
rivatives, and found that all compounds which had carbon bound to 
hydrogen showed a maximum at 1.71 y, while all molecules containing 
a benzene nucleus had additional maxima at 2.18 and 2.49 p. From 
this evidence Puccianti concluded that the groups in the molecule 
are the governing influence in infrared absorption in this region. In 
1905, Coblentz [22] published an extensive work on 135 compounds 
(olids, liquids, and gases, mainly organic) with the principal con- 
clusions that: 

1, The arrangement (bonding) of the atoms has a great influence 
on the resulting absorption spectrum. 

2. No shifting of the maximum of absorption is observed with 
increase in molecular weight (except for gases). 

3. A distinction must be made between a true shifting of the max- 
imum and a shift which, on the introduction of a new adjacent band, 
occurs because the center of gravity is changed. 

4. Certain absorbing groups preserve their identity in compounds 
containing other groups. 

Later workers ‘enided to confirm these results by Coblentz.6 In 
recent papers Barnes [27, 28], Bloch and Errera [44], and others have 
presented the modern conceptions of the relation of absorbing groups 
to infrared spectra, while Mecke [45, 46] has reviewed the use of the 
photographic infrared in the determination of constitutional formulas. 
Bartholomé and Teller [47] have made theoretical calculations relating 
the infrared spectra to the constitution of organic compounds. 

The region, 6 to 15 yu, in which the infrared absorption is détermined 
mainly by the carbon skeleton, has been the subject of much investi- 
gation by Lecomte and coworkers [26]. Thus Lambert and Lecomte 
29] were able to make certain deductions concerning the nature of 
petroleum distillates by measurements in this region. 


; As corrected by Coblentz [22]. 
An excellent review of the development of this field is found in the recent treatise by Lecomte [26]. 
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In 1919, Henri [30]? attempted to correlate the intensity of absorp- 
tion with molecular structure by assuming that the maximum at 3.4 m 
in the absorption curves of alcohols was a linear function of the number 
of C—H bonds. Bonino [31], on the other hand, expressed the mola] 
absorptive index as various functions (logarithmic, parabolic, and 
linear) of the number of such bonds, depending on the class of com- 
pound. Bonino’s conclusions were in discord with those of Bell [32] 
who found that di-n-butyl and diisobutyl carbonates had different 
absorptive power although containing the same number of C—H 
bonds. However, the justification for this distinction became ap- 
parent when Brackett [17], using a high dispersion, resolved into its 
components the band occurring at 1.2 yu in the absorption spectra of 
hydrocarbons. Thus Brackett’s work showed definitely that a dis. 
tinction must be made between the —CH;, >CH2, and >CH groups. 
Later, Liddel and Kasper [2] not only confirmed these findings but 
also showed that “aromatic” absorption could be distinguished. In 
the same report of Liddel and Kasper, similar results were obtained 
for the bands at 1.8 and 1.4 4. Freymann [33] found analogous be- 
havior at 0.9 and 1 yu. A previous paper [18] by the author extended 
the scope of the compounds measured to hydrocarbons of high molec- 
ular weight. It is these units, —CH;, >CH,, >CH, and >CH 
(aromatic), which are the variables in terms of which the intensity 
of absorption must be expressed. 

Meanwhile, Liddel and Wulf [34] stated that ‘First, the absorption 
coefficient for the N—H bond in its absorption at 1.5 » throughout a 
very considerable range in the character of the compounds... . re- 
mains the same order of magnitude. Second, there are measurable 
differences in this absorption coefficient from class to class; i. e., 
primary aliphatic, secondary aliphatic, primary aromatic, etc., as 
well as differences in the position of the maximum of absorption. 
Third, when a normal paraffin greater than two carbon atoms long 
is attached to the amine group,’ the absorption coefficient and maxi- 
mum of absorption vary very little.” In a later paper, Wulf and 
Liddel [36] use the area under the molal absorptive index curve in a 
given region as a quantitative measure of the number of bonds which 
give rise to the absorption at that place. 

If, for various compounds, the form of the absorption curve is 
identical, the ordinate of the curve of the molal absorptive index at 
a given wave length is directly proportional to the total area under 
the curve for a given region [36]. It follows, under these conditions, 
that the ordinate at a given wave length, preferably near the maxi- 
mum of a given “hump’’, will be proportional to the number of 
groups giving rise to the absorption at that place.® To test the Wulf 
and Liddel assumption that the area is proportional to the number 
of groups, and also to check, in part, the assumed similarity in the 

? The insistence of Henri upon the use of the molal absorption index instead of the percentage absorption 


or transmission led to more readily apparent relationships with molecular structure. The molal absorption 


index, K, is defined [48] thus: 
K. ~logi0l/ Io, 
a Dg 


where J is the intensity of the transmitted light, Jo the incident light, c the concentration in moles per liter, 
and d the cell depth in centimeters. 

§ Confirmation of this fact is given by the work of Rossini [35] on the heats of combustion of normal par- 
affins and alcohols where it is shown that intramolecular action is minor beyond two carbon atoms. Ms 
® For the present purpose it is unnecessary to resolve the curve of an ideal group into components whi 
can be associated with different modes of vibration, as Wulf (37) has done. It suffices to develop a value 
of the molal absorptive index for an average unit group at a fixed wave length. 
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form of the curve, a plot was made from the data on the normal 
paraffin hydrocarbons, of the value of the ordinate of the molal 
absorptive index curve at 8160, 8254, 8400, and 8750 cm™’, against 
the number of >>CH, groups in the molecule.” 


Rove] Infrared Absorption 
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Number of CH, Groups 
Ficure 1.—Plot of the data on the absorption of the normal paraffin hydrocarbons at 
various wave numbers. 
The scale of ordinates gives K, the molal absorption index, of the given normal paraffin at the wave length 


indicated at the right-hand side of the plot. The scale of abscissas gives ns, the number of methylene 
(>CH:) groups in the molecule. 


Figure 1 shows that the given ordinate at the respective wave 
numbers is substantially linear with the number of >CH, groups 


eee 
“fn the previous paper [18], a table is given showing the wave number at which maxima occur for the 
Various structural groups. 





134 Journal of Research of the National Bureau of Standards ya,» 


in the molecule." The positive intercept at zero number of >CH 
groups represents the substantially constant absorption due to the two 
—CH; groups in each of the molecules. 

The concepts, which have been discussed above and which form the 
initial basis of the present analysis, may be summarized as follows: 

1. The hydrocarbons studied consist of the structural units —CH 
>CH,, >CH, and >CH (aromatic). 

2. These structural units have their maximum absorption at dif. 
ferent wave lengths. 

3. At any given wave length, each group has a constant unit value of 
absorption. The absorption for the entire molecule will therefore be 
the value of the absorption for each group, multiplied by the number 
of such groups and summed for all the different groups in the molecule, 

In the following section, it will be shown that these postulates can 
be modified to develop a consistent method of mathematical analysis 
of the near-infrared spectra of hydrocarbons. 


III. CALCULATION OF UNIT ABSORPTION COEFFICIENTS 


On the basis of the concepts discussed in the preceding section, 
the molal absorption coefficient, K, for any member of the series 
of normal paraffin hydrocarbons, at a given wave length, is given by 

K=n,at+n8, (1) 
where n, and n, are the number of —CH; and >CH, groups, respec- 
tively, and a and 8 are the unit values of the absorption for these 
respective groups at a given wave length. For the normal paraffin 
hydrocarbons, n, equals 2, and eq 1 may properly be written as 


K=2a+MB (1a) 


With known values of K and m,, for given molecules at given wave 
lengths, the values of the unit coefficients a and 8 may then be cal- 
culated. 
_ The method of least squares was selected for evaluating the coeffi- 
cients a and f."* This involved solving the equations 
=n, K — artn?2— Brngn,=0 (2) 
=n, K—arlngn,— Binz;=0 (3) 
After obtaining a and 8, the values of the molal absorption coeffi- 
cients were calculated for each member of the normal paraffins. 
The results of such an operation for selected wave lengths in the 
region 7900 to 8900 cm=~! are given in table 1. Here are listed in order 
(under the heading of the selected wave length and the group of 
interest at that point ®): Kove.; Keaic.; the residual deviation, A= 


Kovs.—Keaic.; the percentage deviation jen 100; and the deviation 
obs. 


in terms of the number of the group sought at that point.”* 


11 After this work was completed, a paper by Williams [38] appeared in which the data of Coblentz [22] on 
the transmission at 3.4 uw for a series of fractions isolated from petroleum were converted to molal absorption 
coefficients and plotted as a function of the number of C—H bonds. 

11 The simpler method of averages (Lipka [39], p. 126) was not used since it involves division of the data 
into two groups. Experience has shown that different groupings often lead to inconsistent results, Thus 
complications might result if it be true, as suggested by Liddel and Kasper [2], that maxima at certain wave 
lengths show an alternation in wave length or position with the number of carbon antoms in the chain. 

18 The wave numbers at which data were taken were so selected that some one of the various types of 
structural groups possessed a maximum of absorption at or near such wave numbers. As & result, the 
numerical value for the group of interest could be calculated with accuracy. 

4 The derivations of unit coefficients y and 6 for >CH and — (aromatic) are explained below. a 
ations in terms of such groups are included in table 1 to show that an analysis would not falsely indicate 


presence of such groups. 
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At 8254 cm™', only the values for n-octane to n-nonacosane were 
used (omitting that for n-decane, which is probably in error). This 
necessary modification of the basic concept 3, p. 134, was introduced 
because the residuals (excluding n-decane) manifest an increas} 
positive trend as the length of the chain is decreased. A possible 
explanation for this fact is given in the next section. Exclusion of the 
values of K for n-pentane, n-hexane, n-heptane, and n-decane altered 
a, while 8 remained relatively unchanged. Thus, the entire series 
yielded a=0.0095, 8B=0.0196, while the selected points gave a=0.0063 
6=0.0199. It is important to note that, though the residual for 
n-pentane at 8254 cm~? is high, the error in terms of the number of the 
groups sought is not large. 

At 8750 cm, the large deviations of n-pentane, n-hexane, and 
n-heptane caused their exclusion, though the values of the coefficients 
were not greatly altered by the omission. The use of the entire series 
yielded a=0.00307, 8=0.00128, while the use of the higher members 
gave a=0.00327, B=0.00126. 

With the exception of the values at 8254 and 8750 cm“, the values 
of the coefficients, a and 8, were derived from the entire series of 
normal paraffins. Since the deviations of the lower members at all 
other wave numbers are for the most part random, this portion of the 
data confirms the simple concepts 1 to 3, as stated in section II. 

The other regions, 5400 to 6400 and 6400 to 7400 cm“ were similarly 
treated using all data, and yielded results similar to those in table 1. 
The values of a derived for these regions are as follows: 5668 cm=', 
0.1056; 5781 cm™', 0.1078; 5800 cm™', 0.1624; 5860 cm™, 0.1970; 
5870 cm, 0.1914; 5900 cm™, 0.1574; 6950 cm™, 0.00909; 6975 cm=, 
0.01133; 7064 cm™, 0.01253; 7185 cm, 0.02138; and 7350 cm", 
0.01025. The corresponding values of 6 are those given in table 5. 
For consistency in calculation, the values of the unit coefficients given 
throughout the paper are expressed in more significant figures than 
are warranted by the data. An optimistic estimate of the inaccuracy 
of these coefficients would be 3 to 4 percent, while the conservative 
value used here in analysis for the experimental error of the total 
molal absorption coefficient is +8 percent. 

The coefficients, a and 8, were next applied to the branched-chain 
paraffins, as shown in the first portion of table 2 for the wave numbers 
8400 and 5860 cm=!. Consistently negative deviations increasing in 
magnitude with the increase in number of methyl groups indicate that 
the value for a is too large. On inspection, no simple variation in 
these residuals as a function of the number of secondary (>CH,) 
groups was apparent. Hence although the basic concept 3, p. 134 
(section II) does not seem usefully valid for the methyl groups, the 
simplifying assumption that the value of 8 remains unchanged for the 
isoparaffins was retained.'® It is shown later that a value, a’, modified 
to fit the data on the isoparaffins is applicable to all the classes of 
hydrocarbons considered, with few exceptions. Since the identity of 


18 An equation containing three constants, 


a 
Kemal Bn (4) 


was also tested for representation of the data on normal paraffins at 8254 cm-!. Here the last term might be 
expected to eliminate the deviation for small values of ms. But the residuals were practically unchanged. 

16 That even this is not strictly true is demonstrated when a least-squares solution is applied to the iso 
paraffins alone. At 8400 cm-!, the coefficients thus developed were a’”” =0.0260, 6’ =0.0106. In this series, 
the value for the unit methyl group is probably more accurately evaluated than was the case for the p 


series. 
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the normal paraffins need never be in doubt, the efficacy of this 
method for the determination of the structure of hydrocarbons is not 
impaired and the derivation of a may be considered as merely a step 
in the process of obtaining the more general coefficient, a’. 

It was possible, at certain wave lengths, to use a unchanged, since 
the residuals manifested no trends. In the event that a, from the 
normal paraffins, seemed unsuitable for the calculations of the total 
molal-absorption index, the method adopted (except at 8160 and 6950 
em ~') for deriving a new unit coefficient, a’, for a methyl group in the 
isoparaffins was as follows: After the effect of the secondary (> CH,) 
linkages (as determined from the normal paraffins) was deducted, the 
sum of the remainders was divided by the total number of methyl 
groups, to yield a mean value for a single methyl group, a’, thus 


1 2 (Kors) 
af == Uta (5) 


This simple method yielded residuals for the isoparaffins that were 
not significantly larger than those obtained by the least-squares solu- 
tion (see footnote 16, p. 136). The result of applying a’ and £8 to the 
isoparaffins at 8400 and 5860 cm~ is found in the second or revised 
portion of table 2. 
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Consideration of the tertiary (>CH) groups present in the igo. 
paraffins as absorbing entities extends the equation analogous to 


eq 1 to the form 
K= Nga’ +npB+n7, (6) 


where K, ma, », a’, and 8 follow the previous notation, and n, repre. 
sents the number of tertiary groups having the unit coefficient of 
absorption, y. The coefficient, y, was evaluated only at 8160 cm='and 
6950 em; at all other wave numbers it was assumed to be zero, 

The disregard of > CH as an absorbing group is justified by the weak 
absorption of the group at most wave numbers. Furthermore, the 
residuals at all wave numbers, examined with regard to a systematic 
variation of the residuals as a function of the number of >CH groups 
showed no significant trends. Indeed, this group has only a weak 
absorption, even at its maxima (8160 and 6950 cm~’), since it involves 
only one C—H bond, and hence, at other wave numbers, becomes 
very small. 

At 8160 cm7}, a preliminary value for the unit coefficient, y, was 
obtained by subtracting from the observed molal absorption coefficient 
the absorption due to —CH; and >CHp, using a and 8, the unrevised 
unit coefficients derived from the normal paraffins. The remainders 
were, in all but a few cases, positive, and varied in magnitude with 
the number of >CH groups in the molecule. The sum of these 
remainders divided by the sum of the tertiary >CH groups yields the 
unit coefficient, +. 

Another value was obtained by subtracting from each observed 
molal absorption coefficient only the absorption attributable to 
secondary (>CH,) groups (assuming 8 to be unchanged, as was done 
in the development of a’) and applying a least-squares solution for 
a’ and y to the remainders. Thus, in the equation 


K (ons. — BNo= Naa’ + Ney, (7) 


only a’ and y are unknown. Better agreement between observed 
and calculated values was obtained by the latter method, although 
the constant, y, was not radically different. In the former method, 
using a=0.00295 and B=0.00992, y became 0.00921; while in the 
latter, with 8 remaining unchanged, and a’=0.00197, y became 
0.01132. 

Application of the first method to the data for 6950 cm™ yielded 
only slightly negative residuals, which indicated that the change in 
the unit coefficient for methyl (—CH;) was sufficient to cloak the 
effect of the tertiary group. However, the second method yielded 
reasonable unit coefficients (see table 5) and these were adopted. 

Before developing 6, the unit coefficient for >CH (aromatic) 
absorption, it is necessary to define clearly the group to which it 
refers. Since, in the region 5400 to 8900 cm=, the absorption is due 
solely to the vibration of the C—H bonds, a benzene derivative will 
not show the same strength attributable to “aromatic” bonds as does 
the unsubstituted benzene nucleus if the absorption per >CH (ar- 
matic) bond remains substantially constant. Furthermore, the mag- 
nitude of the absorption decreases with the number of nuclear sub- 
stitutions. Hence é is the unit coefficient for one >CH (aromatic) 
bond, of which benzene possesses six, toluene five, xylene four, ete. 
In this report, the possible consequences of the symmetry of benzene 
in rendering the absorption spectra unique are disregarded. 
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The numerical value of 5 is deduced, in general, in a similar fashion 
to a’ and y, by deducting the absorption caused by the aliphatic 
groups (-CHs3, >CH,) in the molecule and dividing the sum of the 
remainder by the sum of the >CH (aromatic) bonds. 

At all wave numbers, values of 5 and 6’ using a and a’ were com- 

uted. The selection of the value for the unit coefficient of the 

CH (aromatic) bond was based on the randomness of the devia- 
tions, the value having the least trend in the residuals being considered 
superior. However, a’ generally gave the best fit. The points at 
which a was used to develop 6 are indicated in table 5. The effect of 
neglecting the unit coefficient 6 (i. e., assuming that the aromatic 
nucleus did not contribute to the absorption) was tried at several 
wave numbers far removed from the maximum for aromatic absorp- 
tion. Finally, the value of 6 selected was that one conforming most 
dosely with the observed data. In table 3 are given some results of 
using both a@ and a’ on the series of aromatic hydrocarbons. Inci- 
dentally, the naphthenes shown were not included in the derivation of 
the coefficient, 8. 
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IV. RESULTS 


The results, listed under the names of the compounds, are sum- 
marized in table 4. The formulas and numbers of structural units 
comprising the molecule are listed in appropriate columns. The 
values given in this table in the columns headed primary, secondary, 
etc., indicate the deviations between calculated and observed ordinates 
of the molal absorption curves in terms of the structural units of 
particular interest at the wave number under which these values 
appear. The average deviation is shown for each series of compounds 
(such as isoparaffins, cycloparaflins, etc.) and is calculated as the 
arithmetical mean of the individual deviations. Values in parentheses 
have been omitted from the averages by assuming that they are 
mistakes. 

The unit coefficients of the several groups (a’, 8, y, and 6) are found 
in table 5, where they are arranged in order of increasing wave 


number. 
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TABLE 5.—Values of unit coefficients of the various groups at the indicated wave 
































numbers 
Wave ’ >CH 
number Group sought —OHs >CHa > CH (aromatic) 
em! a’ 8 Y 
5668 SM oe 0. 0216 
5781 DE TR oc hana - 0137 
| 5800 0674 |...----. "0138 
| §860 en >. 0314 
5870 LF? ee . 0376 
5900 EE pha ee 0764 
6950 00748 0. 00532 . 00175 
6975 ge SS >. 00136 
7064 eae . 00134 
7185 3 eee . 00118 
7350 IN Be ve dreas ces . 00184 
8160 2 ee Ree 
8254 ieee Se gaipin 
|  §300 ESE Aen eae oe ae 
| 9400 
| 8680 I . 00663 ni, a ree . 00622 
| 8750 >CH (aromatic) ...-...-- . 00327 , 2 ea aewee . 01121 
} 





¢ Developed using Cs to Cy (omitting Cyo). 
+ Developed by using a. 


The method used in table 4 for expressing the correspondence 
between the observed and calculated data is best suited to the present 
purpose. ‘The principal factor that fixes the accuracy is the percentage 
transmission. Since there are optimum values for the ratio J/Jp, the 
concentration of a compound under investigation is adjusted so that 
its maximum of absorption lies within certain limits. Consequently, 
a homologous series such as the normal paraffins, for which the maxi- 
mum does not shift appreciably, has the same percentage error for the 
various members at any specific wave number. However, the error 
for one compound at different wave numbers within a single region is 
more nearly absolute than relative, and comparisons at the same 
wave number between compounds having maxima at different wave 
numbers can not be made on a basis of percentage error. 

It should be noted that several effects combine to give less accuracy 
in the regions 5400 to 6400 cm=! and 6400 to 7400 cm= than in the 
region 7900 to 8900 cm=. These are as follows: (1) The steepness 
of the curves that causes large errors if, when reading the photographic 
plate of the automatically recorded transmission curve, the proper 
position with respect to the fiducial point is not maintained; (2) the 
greater complexity of the regions 5400 to 6400 cm= and 6400 to 
1400 em™'; (3) the proximity of the points at which maxima of absorp- 
tion for the various groups appear; and (4) the absorption of atmos- 
pheric water in the region 6400 to 7400 em. 
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TaBLe 6.—List of wave numbers 


[Arranged according to groups for which used; with comments.]} 

















Wave 

Group sought number Remarks 
Se NN Rr eg: ET Sa ee 8400 | Maximum for —CHs; best point. 
SEED) gh eP En oaaisaencpscbeieeeae 8300 | Excellent check point. 
i ee a 5 oe 5900 =o for —CHs; strong absorption by >OH (ap. 

matic). 

CRUD ain dady tegen leiihnnemeee eae 5860 | Maximum for —CHs. 
| RS BERL. SRR ET 5870 | Check point. 
II: sb nea dhadiititrgees ate Dy eaien men 6975 Do. 
cea, _, Oe STE eee eee arte 7350 Do. 
PR cincmidatemetedticnbindhvintee genes 8254 | Maximum for >CHz3; best point. 
po RPE cee: ESS 5781 | Maximum for >CH3. 
SIRE. SEE SS TS 5668 | Naphthenes different at this point. 
I Dtendinacetweccdpheaeeece ae 5800 Do. 
_ >, (See 7185 | Check point. 
po RES RE Wilkes 7075 | Affected by substitution; check point. 
NTR CREE ets len ee ene 8160 | Maximum for > CH; best point. 
SR ST SEES ae SES: 6950 | Check point. 
>OH (aromatic). ..............-- 8750 | Maximum for >CH (aromatic); best point. 
pec ee See 8680 | Check point. Second maximum of —CH3. 
pee Ge eee 5900 | Check point; strong absorption by —CH3. 





The region 5,400 to 6,400 cm~' does have the advantage that the 
proper concentration is one-fifth that of the other regions. This 
reduces the opportunity for departures from Beer’s law [81, 34]. 

In table 6 the wave numbers are listed in order of importance with 
respect to the various groups, together with appropriate remarks 
concerning conditions at that particular wave number. 


V. DISCUSSION 
1. NORMAL PARAFFINS 


The normal paraffins show, in general, excellent agreement with the 
calculated results (see table 1). The average deviations are less than 
one structural group. However, the lower members (n-pentane to 
n-heptane) exhibit, in most cases, an anomalous behavior. The 
occurrence of larger deviations in the case of the smaller molecules 
rather than of the larger ones is to be expected because the latter are 
composed mainly of ‘‘average’’ >CH; groups, in the sense that these 
units may be considered equivalent to each other and unaffected by 
lengthening of the chain (i. e., the intramolecular environment is more 
constant on the average). The remainder of the variations, excepting 
those for n-decane, are well within the experimental precision. No 
alternating effects (caused by an odd or even number of carbon atoms 
in the chain) are noticeable. 


2. ISOPARAFFINS 


The data for the isoparaffins do not agree, in general, as well as 
those for the normal paraffins. The values appearing in table 6 as 
a’ were used in all cases tabulated in table 4. However, comparison 
of these values with the values of a listed in section III reveals that 
at 7064, 7350, 8254, and 8750 cm~, a’ is identical with a. In these 
instances, the algebraic sums of the residuals resulting from the 
application to the isoparaffins of the coefficients, a and 8, developed 
for the normal paraffins were almost zero. The equality of a anda 
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at these points may be explained either by saying that the decrease 
usually encountered in a by passing from a normal paraffin to an iso- 
paraffin is offset by an increase in the coefficient for some other 
group (see next paragraph), or that the mode of vibration associated 
with absorption at these wave lengths is unchanged when the methy] 
(-CH;) group is shifted from the end of the chain to some interme- 
diate position.*** 

The true hybrid nature of a’ should be emphasized. Some of the 
methyl groups used in its derivation probably have the same value 
as those in the normal paraffins. It is reasonable to suppose that the 
single methyl group at the extremity of 2-methylnonane is the same 
gs a methy! group in n-nonane. Actually, a differentiation can be 
made between ‘“‘normal’”’? methyl groups (—CH,—CH;) and “‘iso”’ 


methyl groups (— CHC GH) This effect may explain the fact that 


there is a negative trend of the residuals in the revised data on the 
isoparaflins as the proportion of methyl groups increases, showing that 
the average coefficient is too great when the ratio of “‘iso’”’ to ‘“‘normal]’’ 
methyl groups becomes large. Thus, strictly, there can be at least 
two types of methyl groups with their respective coefficients.” 

Practically, the simplification attained by the retention of a single 
average coefficient for any group is necessary where unknowns are to 
be analyzed. Due regard for the deviations in the data on similar 
structures previously studied permits a comparison to be made be- 
tween an unknown compound of low molecular weight and an assumed 
structure. The author believes that as additional data are accumu- 
lated distinctions can logically be made between the types of methy] 
groups. However, the present data do not furnish justification for 
these refinements. The series of methylnonanes should furnish 
opportunity for the discrimination between the two types of methy] 
groups. For example, 2-methylnonane contains two “iso” and one 
“normal” methyl groups, while 5-methylnonane has one ‘“‘iso’”’ and 
two “normal’’ methyl groups. The other isomers are intermediate 
and conceivably might be a means of evaluating the distance over 
which interaction between two methyl groups can be exerted. Inspec- 
tion of table 4 conclusively shows that the variations between the 
methylnonanes are of the order of the experimental error. 

Theoretical considerations would also demand an investigation 
concerning the change of value for >CH, groups with respect to the 
relative position of the nearest —CH; group. The method employed 
for the derivation of a’ takes no cognizance of such corresponding 
possible variations in 6 but imposes the effects on a’. Moreover, 
included in @’ is the absorption, if any, due to >CH groups (except 
at 6950 and 8160 cm~'). ‘Thus, owing to the structure of the majority 
of the compounds studied, a’ may represent more nearly the value 


for the group HO—CH,. The presence of the various types of methyl 


groups will modify the composite value of a’. 

The analysis for tertiary (>CH) groups is poor in contrast with 
the other groups. This is to be expected since the group contains 
only one C—H bond, and its absorption is therefore relatively weak. 

“ See Wulf [37] for a discussion of this point. 


Mi A third type would be that in which two methy] groups are joined to the same carbon atom of a chain. 
— might also be noticed due to the proximity of other methyl groups (i. e., a 2,3-dimethy] com- 





150 Journal of Research of the National Bureau of Standards  tya,» 


Even at its maximum, the majority of the absorption is due to other 
groups and inaccuracies in the total molal absorption coefficient 
cause considerable errors in the analysis for tertiary groups. Fajr 
results are obtained at the wave number 8160 cm™. 


3. NAPHTHENE AND AROMATIC HYDROCARBONS 


The results for the naphthenes indicate a slight departure from 
the values of the unit coefficients developed for the paraffin hydro. 
carbons. It has been previously noted by Liddel and Kasper [2] that 
naphthenic secondary (>CHz2) groups are not exactly equivalent to 
similar paraffinic groups. 

A critical source of error in the results for the naphthenic ag wel] 
as the aromatic hydrocarbons lies in the inadequate number of 
compounds available for study. Unsubstituted rings, such as benzene 
and cyclohexane, do not necessarily furnish a basis for unit coefficients 
since substitution, by destroying their symmetry, may lead to different 
behavior. Furthermore, the unit coefficient for a —CH; group joined 
directly to the ring is not necessarily the same as that found in ali. 
phatic compounds. This obviates the possibility of any study of the 
ring if the absorption of the —CH; groups is proportionately large, 
It was observed in a previous paper [18] and substantiated in this 
paper (see table 3) that the mono-substituted alkyl benzene deriva- 
tives have absorption spectra that are more constant as to position 
and magnitude of the maxima arising from the aromatic bonds than 
do the polysubstituted derivatives.'"* Consequently, data are needed 
on a greater number of mono-substituted derivatives of both the 
naphthenes and aromatics before the analysis of such structures can 
be as satisfactory as that for the paraffin hydrocarbons. 

An additional factor complicating the investigation of the poly- 
substituted derivatives of the cyclic hydrocarbons is the dissimilarity 
between the spectra of isomers obtained by varying the positions of 
the substituents on the nucleus. The existence of interaction with 
mutual alterations may be demonstrated by studying the absorption 
spectra of compounds in regions where either the nucleus or the sub- 
stituent groups do not absorb. Thus Barnes [40] found that the 
absorption of benzene is modified not only by the replacement of a 
hydrogen atom by halogen but also by a variation in halogen(chlorine 
to bromine). Wulf and coworkers [36, 41], in a study of OH and NH 
bonds, have recorded absorption spectra which vary with the spatial 
distribution of the absorbing groups on the inactive: nucleus (. e,, 
catechol, resorcinol, and hydroquinone; the o-,m-, and p-phenylenedia- 
mines; and the benzidines). A theoretical explanation for such effects 
has been furnished by Pauling [43]. No doubt similar effects of lesser 
magnitude are manifested in the cyclic hydrocarbons and influence the 
absorption of both the nucleus and the substituent groups. 

Notwithstanding such theoretical possibilities, the criterion for the 
validity of the method given in this paper lies in the degree of concord- 
ance obtained by the practical application. Inspection of table 4 

18 This fact has also been observed by Barnes [40] for the region of the fundamental. Using the very high 
resolving power of an echelette grating, he recorded the percentage transmission of benzene and some of Its 
derivatives for the region 3.0to 3.6. Only a small shift (0.007 «) was noted in the benzene bands of 4 


substituted alkyl derivatives while the relative intensities of these bands were not greatly ¢ 
xylenes, however, showed dissimilarities not only from benzene but among themselves. 
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reveals that a correct analysis for most of the aromatic hydrocarbons 
and a nearly correct analysis for the naphthenes can be expected after 
careful selection of the proper wave lengths. Some uncertainty is, 
however, attached to the method in the case of naphthenes of low 
molecular weight. Further data on longer chain derivatives would, 
the author believes, permit removal of the present discrepancies. 


4. HYDROCARBONS OF HIGH MOLECULAR WEIGHT 


The hydrocarbons of high molecular weight are an excellent test of 
the agreement of experimental with calculated molal absorption coef- 
fcients. Since these compounds were not used in the development of 
the unit coefficients, the agreement of the values cannot be ascribed to 
the manner in which the constants were evaluated. From table 4 it is 
apparent that the number of groups is accurate in the more favorable 
instances to +1 group. The average percentage deviations (not 
shown) are generally +8 percent, which is roughly the experimental 
eror. A more exact analysis of such large molecules can be expected 
with improved experimental technique. 

The hydrocarbons studied include several structural groups con- 
cerning which there is no available information from the present data. 
The olefin bonds in two of the compounds are of minor importance as 
only one C—H is involved, unless the unsaturated bond affects adja- 
cent groups. These bonds are indicated in the column for >CH 
groups and are italicized since they were neglected in the computations. 
As observed in the previous paper [18], the C—H bonds in the benze- 
noid ring of tetrahydronaphthalene are not necessarily equivalent to 
similar bonds in benzene. The fact that the tetrahydronaphthyl 
derivatives alone show positive deviations at 8680 cm~!, and, in general 
have higher negative deviations at 8750 cm~', substantiates the hypo- 
thesis [18] that the maximum of absorption for the “aromatic’’ portion 
of the tetrahydronaphthyl nucleus has shifted to lower wave numbers. 

The consistently negative deviations for almost all the compounds 
at 7185 and 8254 cm™! can be explained as a modification of the ab- 
sorption coefficients for the >CH, groups,’ owing to the proximity of 
the cyclic nuclei. Although these deviations are still within the 
expermmental error, the fact that they are not random is significant. 
Their virtually constant value precludes the possibility of their 
dependence upon structural variables other than one common to all. 

At the wave numbers 5668 and 5800 cm™, the deviations of the 
partially and totally hydrogenated ring structures can be correlated 
with the number of secondary (>CHz) groups included in the ring. 
Possibly in the other regions there are similar wave numbers at which 
data were not calculated. This behavior might furnish a method for 
distinguishing between paraffinic and naphthenic secondary groups. 
It would, however, first be necessary to establish that the two types 
of bonding are equivalent at one wave length and different at another. 


" See footnote 8, p. 132. 
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VI. DETERMINATION OF THE NUMBER AND KIND op 
STRUCTURAL GROUPS IN UNKNOWN HYDROCARBONS 


1. GENERAL PROCEDURE 


In utilizing the present analytical method to determine the number 
and kind of structural groups in unknown hydrocarbons, the following 
procedure is used: 

1. Measurement is made of the transmission of the given hydro. 
carbon in solution in carbon tetrachloride in the regions 6400 to 
7400 cm, 7900 to 8900 cm™, and 5400 to 6400 cm™, with the con. 
centration so adjusted that the transmission lies in the limits 40 to 
60 percent [2, 34]. 

2. The transmission curves are reduced to curves of total mola] 
absorptive index, K, [2, 34]. 

3. For the given wave numbers selected for determining the various 
structural groups, values of the total molal absorptive index, K, are 
recorded. 

4. Combination of these experimental values of K with the values 
of the unit coefficients, a’, 8, y, 6 at the appropriate wave numbers, 
yields a series of simultaneous equations, of the general form, 


K=n,o' +mB+ny+n8 (8) 


5. These simultaneous equations are solved to obtain values for 
Na, Ny, Ne, aNd nq, the number of —CH;, >CH., >CH, and >CH 
(aromatic) groups respectively. To each value so obtained an esti- 
mated uncertainty is assigned. 

6. These values of the various structural groups are checked by cal- 
culating the total molal absorption index at wave numbers where the 
use of simultaneous equations is not feasible because of physical 
indeterminacy. 

In practice, a simplification of rule 5 may be effected. A visual 
inspection can be made of the molal absorption curve to determine if 
absorption due to aromatic bonds in the molecule is evident. In the 
absence of significant absorption in the region near 8750 cm’, the 
series of simultaneous equations except those for 8160 and 6950 cm” 
may be reduced to two unknowns, the number of methyl (—CH;) 
groups, ™,, and of methylene (>CH,) groups, n,. After properly 
evaluating n, and mn), the number of tertiary (>CH) groups may be 
calculated from data on K at 8160 and 6950 cm-!. The assumed ab- 
sence of aromatic bonds in the molecule should be verified by a com- 
parison at 8750 cm! of the observed total molal absorption coefficient 
with the value calculated from the various aliphatic bonds. 

When, however, “aromatic” absorption appears to be present, 4 
series of simultaneous equations involving a’, 8, y, and 6 should be 
set up and solved. 

The accuracy of the final result is determined by assigning to the 
total molal absorption index an error of +8 percent. This error 1s 
carried through the equations in absolute value and finally converted 
into terms of the group sought. 

When all the desired values for n,, n», %-, and m4 have been cal- 
culated, they are carefully considered in connection with the following 
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expressions, which can be written from a knowledge of the molecular 
weight and the carbon-hydrogen content of the unknown hydro- 
carbon: 


C,H n42) (9) 
NatNot+Ne+NaSn (10) 
3Ngt2nry +n, +m=2n+2 (11) 


If there are present carbon atoms to which no hydrogen atoms are 
joined, the total number of carbon atoms calculated from the infrared 
spectra will be less than the number, n, from the molecular weight. 
(Qbviously, the total number of carbon atoms can never be greater 
than the number fixed by the molecular weight. Under any condi- 
tions, eq 11 must hold. These equations are essentially ‘“material’’ 
balances, eq 10 relating to carbon and eq 11 to hydrogen. 


2. EXAMPLE: DETERMINATION OF THE STRUCTURE OF AN 
UNKNOWN ISOMERIC NONANE 


The foregoing procedure is illustrated by its application to the deter- 
mination of the number and kind of structural groups in an unknown 
‘“sononane”’ which was recently isolated from a midcontinent petro- 
leum by White and Rose [42]. 

Figure 2 shows the curves of the molal absorptive index for the given 
wknown ‘‘isononane”’ for the regions 


5400 to 6400 cm", 6400 to 7400 cm™, and 7900 to 8900 em~. 


From the values of the molal absorptive index, K, obtained from 
these curves and values of the unit coefficients, a’, 8, y, given in table 5, 
the following system of equations may be written 


At 5668 cm™' 0.465 =0.0529 n,+0.0638 n, (11a) 
5781 608 = .0708 na+ .0908 ny (11b) 
5800 632 = .1052 n+ .0674 n, (11c) 
5860 599 = .1363 me+ .0194 n, (11d) 
5900 085 = .1256 mat .0057 ny (1le) 
6975 .0595= .00948 na+ .00776 np (11f) 
7064 O793= .01253 ne+ .00956 n, (11g) 
7185 0960= .01791 na+ .00978 n, (11h) 
7350 .0411= .01025 n,+ .00164 n, (111i) 
8254 -0808= .00629 n.+ .01989 n, (11) 
8400 .1230= .02705 n+ .00735 n, (11k) 


In solving, the equations have been paired as follows for methyl 
(—CH;): 11d, 1le; lle, 11a; lle, 11b; 11f, 11k; 11j, 11k; lle, 11d; 
lle, 111; 11f, 111; for methylene (>CH,) 1le, 11b; 1le, 11a; 11h, 11]; 
lle, 11j; 11}, 11k; 1le, 11d; 11¢, 11j. The above pairings were found 
to be the most favorable combinations of the unit coefficients to yield 
accurate values of the group sought. Other pairings either gave 
indeterminate solutions or included wave numbers where the analysis 
was not accurate. 
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In table 7 are given the results of the solution of the above simy). 
taneous equations. The values of the groups are given in the order 
of decreasing reliability as judged by the error. The error is expreggeq 
in terms of unit groups and is found as explained in the preceding 
section. Under “wave numbers used”’ are listed the points at which 
data were taken to furnish the two equations whose solution yielded 
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the value shown. In only a few instances was a single pair of equations 
favorable to the determination of both methyl (—CH;) and methylene 
(>CH,) groups. Where indeterminate results were obtained, the 
values have been omitted from consideration. From table 7, the 
number of —CH; groups, 7, is fixed as four and the number of 
>CH; groups as three. 

In table 8, the same data are treated in a different manner. Where 
methyl (—CH;) groups are to be determined, the integral value of 
methylene (>CH;) groups is assumed (as determined from table 7) 
and vice versa. Both —CH; and >CH, groups are assumed to fin 


the number of tertiary (> CH) groups. 
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TABLE 7.—Results of solution of the simultaneous equations 11a to 11k 





Calculated 
number of be, aoa 
groups 








METHYL (—CHs) 





4, 10-40. 35 5900, 5781 
3. 77+ .40 8254, 8400 
4. 20+ .50 5860, 5900 
3.944 .47 5800, 5860 
3.69% . 55 6975, 8400 
4. 08+ .35 5900, 5668 
3.352 .51 5800, 7350 
3.464 .42 6975, 7350 








METHYLENE (>CHz) 





2. 870. 36 8254, 8400 
2. 76+ .33 8254, 5900 
2. 86+ .43 8254, 7185 
2.712% .45 8254, 5800 
3. 50+ . 63 5900, 5781 
3. 91+ .67 5900, 5668 
8. 23-1. 19 5800, 5860 














TaBLE 8.—Resulis of application of integral values of groups sought to data at all 
available wave numbers 





















































| Molal absorptive index 
Wave - Calculated 
z number of 
number | pckine 
| Kove. | Keate. | % Error group: 
' 
METHYL (—CH,) 
ssoo | 0.632 | 0.623 | 41.4 | 4.1 £0.48 
5860 | .599 ‘03 | —07 | £0 + .35 
5900 | .535 -620 | +28 | 41+ .34 
6975 | .0595 .0612 | —1L2 | 394.50 
7350 | 0411 | 10459 | —11.7 | 3.54 .32 
8400 . 1230 . 1302 —5.9 3.8 + .36 
8680 . 0263 . 0318 Seeds esto | (3.2) +(. 6) 
| 
METHYLENE (>CH;) 
| 
5668 | 0.465 0. 403 +13. 3 | 4.0 +0. 58 
5781 . 608 . 556 8.6 | 36+ .54 
7064 . 07938 .0788 +0.6 | 3.14.66 
7185 . 0960 . 1009 —5.1 | 254.79 
8254 . 0808 . 0848 —5.0 | 28+ .33 
8300 . 0824 . 0869 —5.5 | 274.42 
TERTIARY (>CH) 
ons > 
ene | | 
6950 | 0.0571 | 0.0618 —8.2 | 1140.86 
the 8160 | .0643 | .0603 | 46.2 | 244 .45 
the 
of AROMATIC (>CH) 
| | 
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The results are in excellent agreement for a compound having thege 
values: ng=4, m,=3, n-=2. The compound is therefore an isono. 
nane having two branches not joined to the same carbon atom. The 
first conclusion is reached from the number of methyl (—CH), groups 
while the latter is concluded from the number of secondary (>C,) 
and tertiary (>CH) groups. The unknown must thereby be g 
dimethylheptane or a methylethylhexane where the two substitutions 
are on different carbon atoms. 

Actually, the given isononane has been lately identified as 2,6-dj. 
methylheptane, on the basis of a comparison of its boiling point 
freezing point, density, and refractive index with those of a synthetic 
sample of 2,6-dimethylheptane prepared by Calingaert and Soroos in 
the laboratories of the Ethyl Gasoline Corporation.” 


3. LIMITATIONS OF THE METHOD 


In connection with the application of the present method to u- 
known hydrocarbons, the following limitations should be pointed out; 
(a) Because of the assumed experimental uncertainty of about +8 
percent, the uncertainty in the deduced value for the number of a 
given kind of group may be more than one if the number of the given 
kind of group is large or if the group is of low absorbing power. (b) 
The assumption of the equivalence of various isomeric structures 
known to differ somewhat in their absorption is a weakness of the 
method. However, unless a compound is an extreme example of 
such a type with the consequent multiplication of a minor effect, a 
correct analysis can still be made. (c) The possibility always exists 
that a compound of radically different structure not yet measured 
would reproduce the absorption curve of one of the substances in- 
cluded in or extrapolated from this study. Although the use of 
“check” points minimizes this possibility, the further accumulation 
of data on different types of hydrocarbons will materially increase 
the reliability of this method. 


The development of the ideas presented in this paper was materially 
aided by the suggestions and guidance of O. R. Wulf, Bureau of 
Chemistry and Soils, United States Department of Agriculture, and 
of F. D. Rossini, Director of the American Petroleum Institute Re- 


search Project 6. 
The author acknowledges the aid of F. W. Melpolder and P. 


Schoonover in many of the calculations. 
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WEATHERING TESTS ON FILLED COATING ASPHALTS' 
By O. G. Strieter ? 





ABSTRACT 


The durabilities of filled and unfilled coating asphalts were determined both 
in outdoor and in accelerated exposures. The results show that, in general, the 
durability of coating asphalt to weathering can be improved by the addition of 
mineral fillers, and that there is a difference in the effectiveness of various sizes 
and types of fillers. The data demonstrate the similarity between outdoor and 
accelerated weathering. 





CONTENTS 
Page 
SMBS SERIE R S SRE SCN Sr Cp Oc ee 159 
Il. Preparation, compositions, and mode of exposure of panels_..__-__-_-- 160 
ae, eens IY WO PIR os le ce eee ee nns 162 
IV. Outdoor exposures and accelerated tests__..._._._.._...._______------- 164 
pS SARS CES SR a eo 164 
ee i haw coead® 164 
ESE SOE ER SEES DS ES) Se ee A 164 
(ec) Classification of outdoor exposures._............-_--- 165 
2. Acosheratem-weathering tests. ..........................--L. 166 
Ii Gln i ee eo eobe 170 
Tr re re a i a eee 171 


I. INTRODUCTION 


Asphalt shingles and roll-roofings are made by impregnating felt 
with a relatively soft asphalt and then surfacing with a harder asphalt 
known as a coating asphalt. Early in the manufacture of these 
roofings, unfilled coatings were considered superior to those containing 
mineral filler, but, because of the favorable results obtained in accel- 
erated weathering tests on filled coatings, it has become general 
practice in recent years to mix finely ground slate, limestone, and similar 
mineral fillers with the asphalt coatings. Filled coatings, in general, 
are less affected by sunlight and less subject to plastic flow. How- 
ever, as no data were available to show the serviceability of filled 
coatings the present investigation was undertaken to determine the 
elect of various kiuds and grades of commercial fillers on the weather- 
Tesisting properties of coating asphalt. Various asphalt-filler mix- 
tures were prepared and tested. Specific gravities, compacting 
weights, sieve analyses of the ve at fillers, and softening points 
and penetrations on the asphalt-filler mixtures were determined. 


' A paper reporting the results up to 144 years of outdoor exposure was published in the Proc. Am. Soc. 
Testing Materials 36 pt. II, 486 (1936), rhs Marcas 4 oor a r 


i a Associate at the National Bureau of Standards, representing the Asphalt Shingle and Roofing 
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The weather-resisting properties of the asphalt-filler mixtures were 
determined by exposing them outdoors in various localities, and to 
accelerated weathering. Comparisons were made of the durabilities 
of the various coatings, and also between the effects of accelerated 
and outdoor exposures. 


II. PREPARATION, COMPOSITIONS, AND MODE OF 
EXPOSURE OF PANELS 


Two asphalts of different softening points were used for preparing 
the asphalt-filler mixtures. Both were made from the same crude 
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Ficure 1.—Ratio of hard and soft asphalts to obtain an asphalt of definite softening 


point. 


petroleum in a single operation, and their preparation differed only 
in the duration of the blowing. 

The “soft” and “hard” asphalts were so blended that when com- 
bined with 15, 25, and 35 percent by weight of various mineral fillers, 
the softening points of the resulting mixtures were all approsimele 
the same as that of the original “hard” asphalt, namely, 108° C. 
The proper blend of the two asphalts was determined graphically by 
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Figure 2.—Specimens of group I (table 4). 
Vomparison of specimens 30 (table 1) in their outdoor- and accelerated-weathering exposures. The speci- 
mens contain 35 per: of tale (filler 12). Exposures: 1, accelerated weathering; 2, Los Angeles; 3, Wash- 
ington; and 4, Manville 
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FIGURE 3.—Specimens of group I. 


Comparison of specimens 30 (table 1) in their outdoor- and accelerated-weathering sures. The speci- 
mens contain 35 percent of tale (filler 12 Exposures: 5, Chicago; 6, Buffalo; and 7, New Orleans. 
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Figure 4.—Durable specimens of group IT (table 4). 


omparison of specimens 19 (table 1) in the outdoor- and accelerated-weathering exposures. The speci- 
mens contain 35 percent of greenstone (filler 7). Exposures: 8, accelerated weathering; 9, Los Angeles; 
0, Washington; and 11, Manville. 
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Figure 5.—Durable specimens of group II. 
Comparison of specimens 19 (table 1) in the outdoor- and accelerated-weathering posures, The speci- 
mens contain 35 percent of greenstone (filler 7). Exposures: 12, Chicago; 13 iffalo; and 14, New 
Orleans. 
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IGURE 6.—Less durable specimens of group II (table 4). 


omparison of specimens 21 (table 1) in the outdoor- and accelerated-weathering exposures. The speci- 
mens contain 15 percent of greenstone (filler 7). Exposures: 15, accelerated weathering; 16, Los Angeles; 
’, Washington; and 18, Manville. 
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Figure 7.—Less durable specimens of group II. 


Comparison of specimens 21 (table 1) in the outdoor- and accelerated-weathering e> 
mens contain 15 percent of greenstone (filler 7). 
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Exposures: 19, Chicago; 20, Bull 
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FiagtrRE 8.—Specimens of group IIT (table 4). 


Comne . . 

=—e of sy ecimens 24 (table 1) in the outdoor- and accelerated-weathering exposures. The speci- 
A ns eonsain ] rcent of hydrated lime (filler 8). Exposures: 22, accelerated weathering; 23, Los 
ngeles; 24, Washington; and 25, Manville. 
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FigurE 9.—Specimens of group III. 


Comparison of specimens 24 (table 1) in the outdoor- and accelerated-weathering e ures. The speci- 
mens contain 15 percent of hydrated lime (filler 8). Exposures: 26, Chicago; 27, ! ilo; and 28, New 
Orleans. 





Figur 








Journal of Research of the National Bureau of Standards Research Paper 1073 














Figure 10.—I nfilled-coating asphalt (specimens 55, table 1) in the outdoor- and 
accelerated-weathering exposures. 


Exposures: 29, accelerated weathering; 30, Los Angeles; 31, Washington; and 32, Manville 
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Ficure 11.—Unfilled-coating asphalt (specimens 55, table 1) in (/c outdoor- and 
accelerated-weathering exposures. 


Exposures: 33, Chicago; 34, Buffalo; and 35, New Orleans 





Figur} 
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Figure 12, 


mparison of specimens containing 35, 25, and 15 percent of slate, 
respectively, with the unfilled-coating asphalt. 
All specimens exposed at Buffalo. 
itions: 36. Specimen 13 (table 1) containing 35 percent of slate, filler 5 
37. Specimen 14 (table 1) containing 25 percent of slate, filler 5 
38. Specimen 15 (table 1) containing 15 percent of slate, filler 5 
39. Specimen 54 (table 1) coating asphalt, without filler 
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Comparison of specimens containing 35, 25, and 15 percent of slate, 
respectively, with the unfilled-coating asphalt 


All specimens exposed at New Orleans. 
Specimen 13 (table 1) containing 35 percent of slate, filler 5. 
. Specimen 14 (table 1) containing 25 percent of slate, filler 5. 
42. Specimen 15 (table 1) containing 15 percent of slate, filler 5 
43. Specimen 54 (table 1) coating asphalt, without filler. 


FicureE 13. 


Compositions: 40. 
41 





Journal of Research of the National Bureau of Standards 


Research Paper 1073 


; 








FIGURE 


Comparison of specimens containing various fillers. 
All specimens exposed at Buffalo. 
Compositions: 44. Specimen 25 (table 1) containing 35 percent of trap rock, filler 9. 
45. 


Specimen 4 (table 1) containing 35 percent of dolomite, filler 2. 
Specimen 10 (table 1) containing 


i i percent of limestone, filler 4. 
Specimen 33 (table 1) containing 35 percent of silica, filler 13. 


46. 
47. 
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Figure 15.—Comparison of specimens containing various fillers. 


All specimens exposed at New Orleans. 
Compositions: 48. Specimen 25 (table 1) containing 35 percent of trap rock, filler 9. 
49. Specimen 4 (table 1) containing 35 percent of dolomite, filler 2. 
50. Specimen 10 (table 1) containing 35 percent of limestone, filler 4, 
51. Specimen 33 (table 1) containing 35 percent of silica, filler 13. 
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Figure 16. nparison of specimens containing limestone filler of various particle 
sizes. 
All specimens exposed at Buffalo. 
Compositions: 52 ecimen 49 (table 1) containing 25 percent of limestone, filler 18, passing No. 200 sieve 
5 ecimen 52 (table 1) containing 25 percent of limestone, filler 19, passing No. 100 but 
etained on No. 200 sieve. 
54 ecimen 11 (table 1) containing 25 percent of limestone, filler 4, 91 percent passing No 
00 sieve. 
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FIGURE 17. 


Compositions: 55 


56. Specimen 52 (table 1 


Comparison of specimens containing limestone filler o/ 


sizes. 


All specimens exposed at New Orleans. 


Specimen 49 (table 1) containing 25 percent of limestone, filler 18, 
containing 25 percent of limestone, filler 19, | 


retained on No. 200 sieve 
Specimen 11 (table 1) containing 25 percent of limestone, filler 4, 
200 sieve 
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Figure 18. 


AR 


Compositions 








mparison of specimens containing limestone filler of various particle 
$1zes. 

All specimens exposed to accelerated weathering 
containing 25 percent of limestone, filler 18, passing No. 200 sieve 


1 percent passing 


cimen 49 (table 1 

ecimen 52 (table 1) containing 25 percent of limestone, filler 19, passing No. 100 but 
etained on No. 200 sieve. 

ecimen 11 (table 1) containing 25 percent of limestone, filler 4, 9 
No. 200 sieve 
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Figure 19.—Comparison of specimens containing silica of variou ticle sizes as 
filler. 
All specimens exposed at Buffalo 
Compositions: 61. Specimen 37 (table 1) containing 25 percent of silica, filler 14, | ng No. 200 sieve 


62. Specimen 40 (table 1) containing 25 percent of silica, filler 15, passing No. 100 but retained 
on No. 200 sieve 


nt passing No. 200 


63. Specimen 34 (table 1) containing 25 percent of silica, filler 13, 67 per 
sieve 





Jour 





Fret 


Comy 
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Figure 20. mparison of specimens containing silica of various particle sizes as 
filler. 


All specimens exposed at New Orleans 
Compositions: 64 ecimen 37 (table 1) containing 25 percent of silica, filler 14, passing No. 200 sieve 
65 cimen 40 (table 1) containing 25 percent of silica, filler 15, passing No. 100 but retained 
No. 200 sieve 
ecimen 34 (table 1) containing 25 percent of silica, filler 13, 67 percent passing No. 200 
eve 
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FIGURE 21 Comparison of specimens containing slate of various particle sizes as 


filler. 
All specimens exposed at Buffalo 
Compositions: 67. Specimen 44 (table 1) containing 15 percent of slate, filler 16, passing No. 200 sieve. 
68. Specimen 47 (table 1) containing 15 percent of slate, filler 17, passing No 100 but retained 


on No. 200 sieve : “7 OM) 
69. Specimen 15 (table 1) containing 15 percent of slate, filler 5, 79 percent passing No. 2 
sieve 
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Figure 22. 





ymparison of specimens containing slate of various particle sizes as 
filler. 
All specimens exposed at New Orleans. 

Compositions Specimen 44 (table 1) containing 15 percent of slate, filler 16, passing No. 200 sieve 
Specimen 47 (table 1) containing 15 percent of slate, filler 17, passing No. 100 but 
retained on No. 200 sieve : 
Specimen 15 (table 1) containing 15 percent of slate, filler 5, 79 percent passing No. 200 

sieve. 
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plotting the softening points* in a system of coordinates, using the 
ordinate as the temperature scale and the abscissa as the percentage 
scale, as Shown in figure 1. With such a system of coordinates, the 

reentage composition of “hard” and “soft” asphalt for a blend of 
a desired softening point was readily determined by inspection. 
The effect of filler on the softening point of the asphalt was deter- 
mined by trial. 

Table 1 shows the compositions and penetrations ‘ of the asphalt- 
filler mixtures. 


TaBLE 1.—Compositions, physical properties, and durabilities of asphalt-filler 



































mixtures 
Asphalt-filler mixture eee Durability 
Fil- Ad 
Specimen Kind of filler bp sal i 
umber | rara| Soft Hard wer} at | at | at | door | ,bile 
Fi asphalt "132° F,/77° F,|115° F.|  ex- 
as- | as- | Filler|i, total 200 g,| 100 g,| 50 sosure, | Celer- 
halt | phalt g,| 100 g,| 50g, | posure, | o+oq 
Pp asphalt 60 sec} 5 sec | 5 sec | group | ‘fost 
num- 
ber * 
% | %i%& % Cycles 
os ae 47 18 35 7 6 9 13 I 62 
rs 62 13 25 83 |>Green-slate flour. --__- 1 6 9 16 II 45 
> ee 7 12 15 7 y 17 Il 37 
a 47 18 35 72 6 10 18 II 37 
Kiana 60 15 80 |;Dolomite..-........-- 2 6 10 17 II 28 
"ec a 73 12 15 86 7 10 17 III 28 
ee 47 18 35 72 6 9 15 II 40 
Diteicacead 60 15 25 ean. ent os ciao 3 8 ll 18 II 37 
ES 73 12 15 86 7 10 17 Ill 28 
)_ re 47 18 35 72 6 y 16 li 43 
aa 60 5 25 80 |>Limestone--........--- 4 6 10 17 II 37 
| OI 7 12 15 86 6 9 18 Itt 33 
47 18 35 72 6 8 15 I 65 
60 15 25 80 |}Peach Bottom slate...| 5 7 10 16 I 62 
73 12 15 86 7 8 18 II 43 
ea 47 18 35 72 8 12 18 II 28 
leita lees 68 7 25 90 |>Silica sand............ 6 6 11 15 II 28 
| OEE 80 5 15 94 8 ll 14 lil 28 
ei Sate 47 18 35 72 7 ll 14 II 65 
ee 60 15 25 80 |>}Greenstone._.......... 7 7 10 16 II 46 
y Tr 73 12 15 86 7 10 17 II 40 
Ee eae 65 35 0 6 8 14 Ill 28 
Mititenacaivoncnm 75] 25 0 |}Hydrated lime-_____..- 8 8 11 21 I 28 
RES 87] 48 15 56 7 11 21 III 28 
ae Ee 36] 20] 35 55 6 9 15 II 43 
_ eae 63] 22] 25 70 |}Trap rock._..........- 9 7 9 17 II} 37 
ate 72) 13) 15 85 7 9 16 Ill 28 
13 72 15 15 | Supercel__............ 10 8 10 22 II 40 
41 44 15 Geer Me cee cates: ll 7 10 17 I 65+ 
23 42 35 36 6 10 16 I 65 
44 31 25 58 |}Foliated tale. ......... 12 7 4 18 I 65 
66 19 15 78 7 9 18 I 48 
: hesenenes 49| 16] 35 75 7 . 16 II | 35 
ecco 62 13 25 83 |>Silica dust. ........... 13 7 8 16 II 33 
st eeewn en 78 7 15 92 7 y 17 III 28 




















"See p. 166 of i i 
PD. text for identification of groups. 


‘The softening points were determined b i 

y the ring-and-ball method described by Herbert Abraham in 

Aspbalta and Allied Substances, 3d edition (D. Van Nostrand Co., New York, N. Y.). 

AS erie of test is fully described in Standard method of test for penetration of bituminous materiais, 
»S. 2. M, Designation: D 5-25 Book of Standards, Am. Soc. Testing Materials, pt. II, 971 (1933). 
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TaBLE 1.—Compositions, physical properties, and durabilities of asphalt-filler 
mixtures—Continued 


















































4 . Penetrations in : 
Asphalt-filler mixture 0.01-cm units Durability 
Ls 
Specimen Kind of fill ag ee 
number | rerd} Soft Hard “ ad = At At At door | Life 
ar | ac: | Filer sepa aA os 
ota 200 g, g, g, sure, P 
phalt | phalt asphalt 60 sec| 5 sec’| 5 se | ‘group’ | ‘ted 
num- | (st 
ber 
%\|%\ % % 
i caieisnae 25| 35 62 7 9 18 II ~~ 
eae 54 21 25 72 |;Silica dust._.......... 14 6 9 16 II 30 
_kibaetanioen 72| 13] 15 85 6 9 16{ I} 2 
__ Seabee tmew 49 16 35 75 7 9 17 I 35 
Foo 64 ll 25 ft = ee -| 15 7 10 17 II 35 
ee 77 8 15 91 7 9 17 i 2 
GRAS cncnd 33 32 35 51 7 10 17 I 65 
” 50 25 25 67 |>Slate flour..........--- 16 7 10 7 oe 
a 68 17 15 80 7 10 17 II 43 
44 21 35 68 7 10 14 I} 65 
58 17 25 _) = ae | 7 10 15 65 
75 10 15 88 7 10 18 II 43 
ee 43 22 35 66 A 7 10 18 IT 45 
_ a 56 19 25 75 |>Limestone--.....-.--- 18 7 10 18 Ill} 3 
_ ES 75 10 15 88 7 10 19 Ill r.) 
_ Se ee 49 16 35 75  § 10 18 II 58 
_ LR 64 11 25 | ae eee 19 8 10 17 II} 4&8 
ic xadieee 81 - 15 95 6 10 19 I 28 
ee 2 ee eS PR ie dciutikeusoasapnawbuned 7 10 17 Il 8 
_ ee SS 75 _ | ee | ee —_ 9 11 17 Ill 2B 
EERE 50  . PERE EREDAR ts Big b be 8 12 21 Ill B 
ee a | 25 5 eee BD Dbidbdintdadaimemnadimnn * 9 15 27 Ill B 
! 














Fifty-seven different combinations of asphalts and asphalt-filler 
mixtures, including nearly all of the fillers in commercial use, were 
prepared and surfaced to a thickness of 0.025 in.* on aluminum sheet 
panels (3 by 6 in.). Seven sets of such panels were prepared in dupli- 
cate, making 114 panels for each set. Single sets were exposed out- 
doors at Buffalo, N. Y., Manville, N. J., Chicago, Ill., Los Angeles, 
Calif., New Orleans, La., and Washington, D.C. The panels in the 
outdoor exposures were placed on racks at an angle of 45 degrees 
facing south. The seventh set of panels was subjected to an acceler- 
ated-weathering test which consisted in exposing the panels alter- 
nately to light from an inclosed carbon arc, water spray, and to 
sudden temperature changes.° 


III. PHYSICAL PROPERTIES OF THE FILLERS 


The physical properties of the fillers are listed in table 2. As shown 
in the table, fillers 14 to 19 were prepared from fillers 4, 5, and 13. 


5 The method of preparing the panels is fully described in a paper by O. G. Strieter, Accelerated tests of 


asphalts, BS J. Research 5, 247 (1930) RP197; also in the Propose method for accelerated-weathering tests on 

bituminous materials, Proc. Am. Soc. Testing Materials 33, pt. 1, 381 (1933). tests 
¢ The accelerated weathering test is fully described in the Proposed method for accelerated-weathering 

on bituminous materials, Proc. Am. Soc. Testing Materials 38, pt. I, 381 (1933). 
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TABLE 2.—Physical properties of the fillers 





























Particle size of filler 
Fine- 
Filler Passing Spe- | Com- | ‘ness 
pum- Kind of filler Passing | No. 100, | Retained ene 4 pects factor, 
ber No. 200 | retained | on No. | 8T@V!ty| wele f. 
sieve on No. | 100 sieve 
200 sieve 
Percent | Percent | Percent 
1| Slate flour—air-floated No. 000 grade- - - 81 17 2. 86 1.35 1.1 
2} Dolomite.--- 92 7 1 2. 85 1. 63 0.8 
| ee eaters 85 14 1|/ 288| 1.73 .7 
4} Limestone. - - - 91 8 1 2. 76 1. 62 “a 
5 | Peach Bottom slate—No. 000 grade-.._- 79 16 5 2. 98 1, 40 1.1 
“TE 2 RE Bebe eee a ee 2 13 85 2. 69 1.74 0.6 
FS SATOMI RONG nnn incon cons ssnwecnsocess 65 24 12 3. 08 1. 66 9 
Bt PONENT HED. dace Scencnceshanarccton 99 eee 2. 39 . 83 1.9 
4 OS ee ee ae a. eee 97 O tetuscexsss 2.94 1. 52 0.9 
10 | Celite (Hy Flo Supercel)-.............- | res Seen. 2. 52 30 7.4 
1 SS ae ce ae ane ee 42 30 3. 20 51 5.3 
DS RE See 100 pee PRS Hed: 2. 97 1.05 1.8 
ES SSE re ere eee 67 26 7 2. 69 1. 68 0.6 
14 | Silica dust (prepared from filler 13)_...- MD 865.405 haces 2. 69 1. 63 oF 
| A CRS OE Ses | | ee 2. 69 > ae 
16 | Slate flour (prepared from filler 5) 2. 98 1. 30 1,3 
yg fee 0 ncewcqn~ on Geteninehaeriwenscncun 2. 98 og eee Red 
18 | Limestone (prepared from filler 4) Su 2. 76 1. 0.7 
eee BD nonutier aaun~snsaitiaer asin tenn= 2. 76 i ee 

















* Trace retained on No. 200 sieve. 
> Insufficient material for test. 


The specific gravities of the fillers were determined by means of a 
pienometer, using kerosene as the liquid. The details of the method 
have been described elsewhere.’ 

The compacting weight (weight of the filler occupying a volume of 
{ml when compacted) was determined in a 100 ml graduated cylinder. 
A quantity of filler judged to approximate a volume of 10 ml when 
compacted was placed in the cylinder and compacted by tapping the 
bottom of the cylinder against a padded table top. A distinctive, 
dull sound indicated when the filler was compact. This operation 
was repeated until a volume of 100 ml of compact filler was obtained. 
The “eee of this filler divided by 100 was taken as the “compacting” 
weight. 

Since the compacting weights of fillers with different specific gravities 
camnot be directly compared, the compacting weights were used to 
calculate a ‘fineness factor,” f, according to the following formula.* 


j— density — compacting weight 
compacting weight 





The finer a given filler has been ground, the larger is its fineness factor. 

Table 3 shows the increases in the softening points of the asphalt 
due to the addition of filler. Examination of the data will show that 
the higher the fineness factor of the filler, the greater the increase in 
the softening point of the asphalt. It should be borne in mind, how- 


" Standard methods of test for specific gravi i 
i J gravity of pigments, A. 8. T. M. Designation D 153-27, Book of Stand- 
ards, Am. Boe. Testing Materials, pt. II, 568 (1933). 


Spel. Der Moderne Asphaltstrassenbau (Strassen bau-Verlag Martin Boerner, Halle, 1929). 
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TaBLE 3.—Effect of fillers on the softening point of the asphalt 























Increase in 
Fill m-| Filler b Fi =a 
, er num- y neneéss Point o1 
Kind of filler ber weight factor f | asphalt due 
to addition 
of filler 
Percent 2 °C 
SERRA Rs: ae 10 15 7.4 14.0 
Miiiccedsad cchtmnsaieiiihisscteidedsaasel ll 15 5.3 9.5 
Hydrated lime.........-- 8 15 1.9 8.0 
Foliated tale. _..........- 12 15 1.8 3.5 
As hn ds cnnubthnes 16 35 1.3 7.0 
8 eae ee eee 5 35 1.1 6.5 
Green slate............... 1 35 1.1 5.5 
Greenstone.............-- 7 35 0.9 5.0 
0 SS eae 2 35 8 5.0 
Sea 4 35 ot 5.0 
| SESE Te 13 35 6 4.5 
agen ....... 6 35 -6 2.0 








ever, that the increases in the softening points of an asphalt due to 
additions of filler follow a parabolic curve,* 1. e., the first small additions 
of filler have only a slight effect, but with subsequent additions of 
small amounts of filler the softening point of the asphalt increases 
rapidly. The average void diameter of the fillers as present in the 
mixture can also be used to characterize the filler in place of the 
fineness factor, and instead of the increase in softening point the 
increase in absolute viscosity can be determined.” 


IV. OUTDOOR EXPOSURES AND ACCELERATED TESTS 
1. OUTDOOR EXPOSURES 


Asphalts exposed outdoors weather characteristically, depending 
upon their composition and upon the weather peculiar to the locality 
of exposure. Thus there is a marked difference in appearance in the 
six series of panels exposed in the various localities. The outdoor 
panels, examined after 3 years of exposure, are described under the 
following headings. 

(a) SURFACE OXIDATION 


Asphalts exposed to the weather form a film of oxidized material 
on the surface, which may be readily rubbed off. The amount of such 
oxidized material formed depends upon the nature of the asphalt, the 
intensity of the sunlight, and the amount of moisture. 

As regards the degree of surface oxidation of the coatings, the locali- 
ties of exposure are rated in the following ascending order: Los 
Angeles, L; Chicago, C; Manville, M; Buffalo, B; Washington, W; 
ps New Orleans, JN. 

(b) CRACKING 


Asphalts crack upon continued ar tiga to the weather. This 
type of weathering is influenced by the composition of the coating 


and is also characteristic for each locality. 
The B coatings cracked to the greatest degree but are followed 
closely by the M and C coatings. The N and W coatings cracke 


‘See footnote 8. 
'R. N. Traxler ,Ind. Eng. Chem. 29 ,489-492 (1937). 
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\gs and the L coatings the least of all. Asa rule, the B, M, and C 
watings showed short cracks tending to form four-sided but irregular 
decks. The W coatings, as a rule, showed long, narrow cracks, 
whereas in the N coatings the cracks were much wider. 


(c) CLASSIFICATION OF OUTDOOR EXPOSURES 


The degree of cracking during outdoor exposure was made the basis 
fr classifying the various coating mixtures. For this purpose the 
coatings in each outdoor exposure were arranged in order from best 
to poorest according to appearance and were subdivided into three 
groups, &S shown in table 4, according to the following scheme: 


TaBLE 4.—Order of durability of asphalt-filler mixtures 















































Composition 
Specimen Durabil- 
number ity 
Amount Kind of filler Filler No. 
GROUP I 
Percent Cycles 
29 ORD Ee eR aR eS ae 11 65+ 
30 35 12 65 
| 31 25 12 65 
42 35 16 65 
45 35 17 65 
13 35 5 65 
1 35 1 62 
14 25 A 62 
46 25 17 65 
| 43 25 16 61 
32 15 12 48 
GROUP II 
51 19 58 
19 7 65 
39 15 35 
40 15 35 
2 1 45 
47 ) i eee REELS PETE ol oat Sta een 17 43 
28 OE REESE ARNE PREYS 10 40 
20 Oe 1 SS on cece tesa 7 
a 35 Sili 14 





SEES SSSS8 SSSSR SBRRS SSS 
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TABLE 4.—Order of durability of asphalt-filler mixtures—Con. 
































Composition 
Specimen Durabil- 
number ity 
Amount Kind of filler Filler No. 
GROUP III 

Percent cles 

18 § Silica 6 om 28 
38 15 14 28 
27 15 9 28 
35 15 13 28 
i) 15 3 28 
53 ne a a oe 19 28 
a eee Asphalt, softening point 108° C_.._}.......__. 28 
_ S) Sete Asphalt, softening point 104° C____}_..______- 28 
OB tics Asphalt, softening point 99.5° C___|_......... 28 
sg, Eee Asphalt, softening point 94° C._.._]........_. 28 
49 25 | Se Se ee < Se Dee 18 33 
50 = Se Aer SHR 18 28 
6 15 i ee ee eee 2 28 
12 15 | 2a ae 4 33 
24 SD 10 CE Sat nicenestscuienson 8 28 
23 Ass BEES ee a a ee 8 28 
22 i Goes hee aia en atenskons ante wiper 8 28 











No. I. Panels showing no cracks visible to the unaided eye, or, at 
most, showing faint cracks to the unaided eye. 

No. II. Panels showing fair-sized cracks to the unaided eye. 

No. III. Panels showing wide cracks to the unaided eye. 

Such a method of classification can only approximate the true rela- 
tive positions of the panels. The detailed descriptions of the coat- 
ings after 3 years of outdoor exposure in various localities are given 
in table 5. In this table, however, the same arrangement of the 
panels as listed in table 4 has been retained. 


2. ACCELERATED-WEATHERING TESTS 


The life or durability of the coatings in the accelerated-weathering 
tests is given in cycles (table 4). The results are the average of dupli- 
cate panels differing by not more than 3 to 5 cycles. The end pomt 
of the accelerated-weathering test was determined by measurement 
of electrical conductivity. In the ‘conductivity test,” " the panel is 
placed in a circuit and covered with a template having 10 holes. The 
asphalt surface is then moistened through these holes with an electro- 
lyte. If cracks through to the aluminum are present in the coating, 
the electrolyte will conduct electricity. The end point of the test 1s 
reached when at least 6 of the 10 holes in the template conduct 
current. 

The results of the “conductivity test’? on the outdoor exposure 
samples are shown in table 5. 


1 Method described in Proposed method for accelerated-weathering tests on bituminous materials, Proe. 
Am. Soe. Testing Materials 33, pt. I, 384-385 (1933). 
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V. DISCUSSION OF RESULTS 


In general, the coatings failed in the same order in the outdoor as 
in the accelerated-weathering test. In the outdoor exposures the 
silica-filled coatings received higher ratings, when classified according 
to appearance, than in the accelerated tests. The conductivity tes 
showed that the panels exposed to accelerated weathering were porous 
and absorbed the electrolyte readily, giving an end point of test 
although their appearance was still excellent. The relatively poor 
adhesion of the silica particles to asphalt is the cause of this porosity 

Figures 2 to 22, inclusive, are actual-size photographs of sections 
of the test pieces exposed outdoors for 3 years. Some of the photo. 
graphs are of coatings exposed for 65 cycles in the accelerated test, 

Groups I, II, and III (table 4) are illustrated in figures 2 to 9 
inclusive. Since the specimens within a group are arranged in the 
order from best to poorest, and since group II is large, photographs 
are shown which typify the most durable panels (figs. 4 and 5) and 
the least durable (figs. 6 and 7) in this group. Examination of these 
photographs will show differences in the durabilities of the coatings 
resulting from differences of composition and location of exposure, 

Figures 10 and 11 show the unfilled coating asphalt, specimens 55 
(table 4), in the outdoor and accelerated-weathering exposures, 
Comparison with figures 2 and 3 shows that a suitable filler greatly 
improves the durability of the asphalt. 

In figures 12 and 13, 35, 25, and 15-percent of slate, respectively, 
are compared with one another and also with the unfilled coating 
asphalt. The specimens are shown in their exposures at Buffalo and 
New Orleans. These exposures were chosen because they differ 
widely in temperature and humidity. The coatings with the greatest 
amount of filler are the best, the unfilled coating asphalt is the worst. 

The behavior of various fillers to outdoor exposure is shown in 
figures 14 and 15. These specimens are quite similar in durability, 
but are not as good as those shown in figures 2 and 3, or the 35-percent 
of slate shown in figures 12 and 13. 

Figures 16 and 17 show specimens containing 25 percent by weight 
of limestone filler, but in various particle sizes. The one size was a 
finely cracked material practically all of which passed a No. 100 sieve 
and 91 percent a No. 200 sieve. The other two sizes consisted of the 

ortions of the material which passed through and were retained on a 

0. 200 sieve, respectively. Figure 18 shows the same coatings after 
exposure to accelerated weathering. Figure 19 shows the Buffalo 
exposures and figure 20 the New Orleans exposures of a similar series 
of compositions, but using silica instead of limestone as a filler. 
Figures 21 and 22 show similar coatings with slate, however, only in 
amounts of 15 percent by weight instead of 25 percent. In each case, 
irrespective of the kind or amount of filler, the specimens containing 
fillers passing a No. 100 but retained on a No. 200 sieve have the best 
appearance. The specimens with filler passing a No. 200 sieve do 
not show up as well. However, final conclusions regarding the most 
suitable size of fillers cannot be drawn from those tests. More exten- 
sive testing is required to settle this question. oe 

Fillers appear to affect asphalts in two ways, first, a stiffening effect, 
normal to all fillers and evidenced by a higher softening point, and, 
second, an effect shown mostly by the coarser fillers, which is actually 
the production of a rigid structure. This structure-giving property 
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of the coarser fillers is probably the reason for the better appearance 
of the specimens containing 100- to 200-mesh filler (see figs. 16 to 22). 
It is also the reason for the good appearance of those coatings contain- 
ing silica, a structure-giving filler. 


VI. SUMMARY 


These weathering tests, outdoor and accelerated, show that the 
addition of fillers increases the durability of coating asphalts in varying 
degrees, depending upon the character, proportion, and particle size 
of the fillers. 

The best results were obtained with coatings containing talc, mica, 
and Peach Bottom slate. Less positive results were obtained with 
coatings containing silica, trap rock, dolomite, and limestone in 
amounts of 15 percent by weight. Hydrated lime was the only filler 
tested that did not increase the durability of the coating. 

Within the limits tested, and excepting the coatings containing 
hydrated lime, the higher the percentage of a given filler, the more 
durable was the coating. The coatings contaming 35 percent by 
weight of hydrated lime lost their adhesive properties and separated 
from the aluminum panels. 

The question of the most suitable particle size and distribution of 
the fillers was not settled by these tests. The tests do show, however, 
that fillers passing a No. 100 sieve, but retained on a No. 200 sieve, 
produce better coatings than fine filler, all of which passes a No. 200 
sieve. 

The data demonstrate the similarity between outdoor and accel- 
erated exposures. 


The author expresses appreciation to H. R. Snoke and to L. R. 
Kleinschmidt, both of the Bureau staff, for their assistance in many 
ways in this investigation. 


Wasuineton, November 26, 1937. 
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MINOR CONSTITUENTS IN PORTLAND CEMENT CLINKER 
By Herbert Insley and Howard F. McMurdie 





ABSTRACT 


The optical and structural properties of some minor phases in portland cement 
dinker as observed in thin sections, polished sections, and a new type of polished 
thin section are recorded. ‘The similarity of such phases to those found in labora- 
tory preparations is pointed out. Methods of determination of free CaO, free 
MgO, “light” interstitial material, and “dark” interstitial material are given. 
The “light” interstitial material is shown to be 4CaQ-Al,0;-Fe,0;. There are 
three kinds of ‘“‘dark” interstitial material which have the properties of: (1) glass; 
(2) 3CaQ- Al,O3; and (3) a prismatic crystalline material. The prismatic crystal- 
line material apparently is a compound of the alkalies with some of the other oxides 
in the clinker. Glass is found in the majority of portland cement clinkers. At 
present, it is impossible to calculate precisely the compound composition from 
chemical analyses because of lack of knowledge of cooling conditions, the effect of 
minor constituents on phase relations, and other variables. 
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I. INTRODUCTION 


Ina previous paper [1]! the structural characteristics of some con- 
stituents of portland cement clinker were described and the deviations 
of these constituents from the pure compounds were pointed out. 
Studies investigating the nature and extent of these deviations were 
cee. This paper presents the results of a similar study restricted 
to the minor constituents.? 

As in the previous study, the petrographic and metallographic 
microscopes and the X-rays were used. In addition, a combination 


; Figures in brackets refer to references at the end of the paper. 
The authors have arbitrarily defined ‘‘minor constituents’’ as those phases which never occur in amounts 


er than 25 percent in commercial portland cement clinker. 
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of the petrographic and metallographic methods was employed, which 
is described later in the paper. 

As material for the investigation of structures there were available 
not only the laboratory-prepared clinkers which were made from 
mixtures of the separate oxides (or carbonates) and heat treated in g 
small platinum resistance furnace, but also about 60 samples of com. 
rowan portland cement clinker, of which a large majority were 
obtained through the generous cooperation of Mr. Dalton G. Miller: 

Following common usage in technical reports on cement constitu. 
tion, a system of abbreviations is used in referring to the compounds 
thus: 3CaO.Si0,=C,S; 4CaO.Al,0;.Fe,0,=C,AF; 8Ca0.Na,0.3Al,0, 
=C,N As, etc. 


II. PREPARATION OF POLISHED THIN SECTIONS 


A method of preparing mounts which could be observed both by 
transmitted and by reflected light was developed for the microscopic 
study of clinker. The clinker piece to be sectioned was heated in a 
resin having a high index of refraction‘ until the resin became tough 
but not brittle. After grinding one face to a plane with fine emery 
the piece was cemented to an object slide with the same resin used for 
impregnation and the other surface then ground down until the section 
was of the required thickness (15 to 20 microns). After fine grinding 
with fine emery and alcohol the exposed surface of the clinker was 
polished with a mixture of jeweler’s rouge and alcohol on a canvas- 
covered rotating lap. The polished surface was then etched. Witha 
vertical illuminator and objective corrected for use without cover glass, 
attached to the tube of a petrographic microscope, the specimen 
could be examined either in reflected or transmitted light without 
changing its position on the stage of the microscope. 


III. IDENTIFICATION OF FREE CaO AND FREE MgO 
1. FREE CaO 


Although free CaO is not a constituent of properly proportioned, 
well-mixed and well-burned portland cement clinker, it is so commonly 
present in small amounts in commercial clinker that its easy deter- 
mination, both qualitatively and quantitatively, is of great importance. 

Of the many methods which have been devised for the determina- 
tion of free CaO, three very commonly used are White’s reaction, the 
ammonium acetate method, and the determination by optical prop- 
erties. White’s reaction, [2] which results in the formation of calcium 
phenolate crystals by interreaction of the free lime with phenol in 
nitrobenzene and water, gives qualitative results. 

The ammonium acetate method [3] is quantitative. The fact that 
both White’s reaction and the ammonium acetate method give positive 
results for calcium hydroxide as well as for free lime may sometimes 
be a disadvantage. 

The microscopic identification by optical properties makes use of the 
isotropy and high index of refraction (1.83) of free CaO. In quan- 
titative estimation in thin sections of cement clinker the amount of 
free CaO is very likely to be underestimated because of overlap 0 


birefringent constituents. 


2 Senior Drainage Engineer, U. 8. Department of Agriculture. 
4 Liquid Hyrax or Aroclor No. 4465 was found satisfactory. 








Gate, ae bt fom. 


i? a n,n 


So 2° 





a i ee | 


ao PS eT eo 


y 
I- 


a- 


1€ 
D- 


at 
ve 


ne 
n- 


of 





Inset aie] Constituents in Portland Cement Clinker 175 


Polished specimens prepared by the method described in the pre- 
vious paper [1]* are satisfactory for the observation of free CaO. 
A mixture of rouge and ethyl alcohol is substituted for the rouge- 
water mixture in polishing to avoid hydration of the free CaO. The 
specimen is then etched in a 1:1 water-alcohol mixture for 1 to 3 
minutes, the shorter times being required at higher room temperatures. 
This method has been found to give more uniform results than 
Tavasci’s method [4] of etching during polishing with a mixture of 
rouge, alcohol, and water. The etching treatment causes a decided 
darkening of the exposed surfaces of free CaO grains, probably because 
of formation of thin films of Ca(OH),. 

Free CaO usually occurs as rounded grains, either singly or in aggre- 
gates (fig. 1). Aggregates appear to be the result of imperfect batch 
mixing. Single grains, which are often located at the centers of 
C,S, are evidently the result of imperfect diffusion during reaction to 
form dicalcium and tricalcium silicates. 

The qualitative determination of free CaO in polished section has 
some advantages over other methods. It is more rapid than any of 
the other methods except White’s and it permits observation of the 
structural relations to other clinker constituents. By use of one of the 
integrating stages [5] the free CaO may be determined quantitatively. 
It is possible that a rapid quantitative method could be devised in 
which the polished sample to be determined could be compared with a 
set of standard polished specimens composed of individuals varying 
by some convenient step, say 5 percent. The standards would, of 
course, have to be kept in a dry atmosphere to prevent the hydration 
of the free lime. 

2. FREE MgO 


In completely crystallized portland cement clinker all or nearly all 
of the MgO occurs as crystalline MgO (periclase), commonly known 
as free magnesia [6]. In clinker which have been solidified so rapidly 
that some glass is present, varying amounts of MgO will be dissolved 
in the glass [7, 8] depending upon the cooling rate, the amount of MgO, 
etc. 

Because evidence is accumulating that excessive expansions in con- 
crete have been caused by the hydration of crystalline MgO, the iden- 
tification of free MgO is of great importance. So far only two methods 
of identification have been described which can be regarded as at all 
satisfactory. By one method the free MgO is left as undissolved 
residue after solution of the cement in a mixture of HNO; and HF {8}, 
but because it is slowly soluble in this reagent this method gives results 
which are low. 

The second method of identification, by means of the petrographic 
microscope, is of qualitative value. Even qualitative distinction, 
however, is difficult because crystalline MgO is isotropic and has an 
index of refraction very close to that of other constituents. In thin 
sections free MgO may easily be overlooked because it usually occurs 


in very small grains and may be masked by overlapping, birefringent 
constituents. 


LR 
* Besides the impregnating resins mentioned in the paper referred to, Bakelite resinoid 0014 has been used 
sreceestully The specimens are immersed in the resinoid in small vials, subjected to vacuum produced by 
pe aspirator for 2 to 3 hours, heated overnight at 75 to 80° C and finally at 105 to 110° C for 24 hours. 
¢ vials are broken away from the hardened preparations before grinding and polishing. 
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A new method which, it is believed, gives better results than either 
of the preceding is the determination in polished specimens by 
reflected light. Free MgO observed by this method is found to occur 
in small, angular grains (fig. 2) with a reflectivity greater than that 
of other constituents gars C,AF. It can easily be seen in unetched 
sections or in sections etched with the milder reagents such as water 
and alcohol-water mixtures. Characteristics of free MgO in polished 
specimens were first observed in laboratory preparations in which 
MgO, the only crystalline phase determined by petrographic exami. 
nation, was present in a glassy matrix. Failure, heretofore, to iden. 
tify free MgO in polished sections was found to be caused by difficulty 
in proper polishing. Unless polished with extreme care, the edges of 
the MgO grains are fragmented and secondary scratches beginning 
from these fragmented areas cover the surface of the specimen 
Crystalline MgO is known to have an unusually high thermal expansion, 
It seems probable that during cooling of the clinker the MgO crystals 
contract faster than the other constituents until they finally break 
away from the surrounding materials. During grinding and polishing 
the abrasive media collect in these peripheral cracks and widen them. 

Free MgO occurs in commercial clinker almost without exception 
as inclusions in the interstitial constituents and is, therefore, one of the 
later phases to crystallize. 

Like free CaO, it may be determined quantitatively in polished 
sections by the use of the integrating stage, and rapid quantitative 
methods perhaps could be developed which depend upon comparison 
of the unknown with standard specimens in which free MgO had 
already been determined with the integrating stage. 

Quantitative microscopic determinations of free MgO have been 
made on a number of commercial clinker specimens, the results of 
which will be published in a forthcoming paper [10]. It was found 
in most of the samples that free MgO as determined microscopically 
was less than total MgO determined chemically. This is a confirma- 
tion of other evidence [6, 8] that when glass is present MgO is partially 
or wholly dissolved in the glass. 


IV. IDENTIFICATION OF OTHER INTERSTITIAL 
CONSTITUENTS 


Cement clinker of normal composition is never completely liquid at 
maximum kiln temperatures (1,400 to 1,475° C), but always contains 
crystalline C,S, C,S, or both [11]. The liquid, containing most, if not 
all, of the Al,O;, Fe,0;, MgO, and alkalies, as well as some CaO and 
SiO., solidifies during cooling and forms the interstitial material sur- 
rounding the C,S and C,S. Some C,S, which occurs as granular 
fringes on the borders of C;S crystals and as overgrowths on previously 
formed C.S crystals, should strictly be considered as interstitial mate- 
rial, but since it retains the optical properties and etching character- 
istics of the coarse-grained C,S, it will not be discussed here. 

Polished sections of clinker which have been etched with a 1-percent 
alcoholic solution of HNO; * show two readily distinguishable forms 
of interstitial material [1, 4] which, for purposes of identification, are 
here called “light interstitial” and ‘dark interstitial.” 


¢ This reagent is made by adding 1 ml of HNOs (sp gr 1.42) to 100 ml of ethyl alcohol. 
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1. THE “LIGHT” INTERSTITIAL PHASE 


The light interstitial phase may readily be distinguished from other 
constituents in polished sections by its higher reflectivity and greater 
resistance to most etchants. This constituent was identified by 
Tavasci [4] as C,AF and all the observations made by us confirm his 
identification. Examination with reflected polarized light shows 
definitely that the constituent is anisotropic, and comparisons of this 
phase (in clinker sections where it is well developed) with pure C,AF 
show that the degree of anisotropy and reflectivity is about the same. 
The compound C.F (2CaO.Fe,0;), which might presumably exist 
in clinker under some conditions of cooling, has a higher reflectivity 
and a greater degree of anisotropy than the light interstitial phase so 
far observed in commercial clinker. Examination of clinker petro- 

phically shows the presence of a birefracting, highly refractive 
constituent with the optical properties of C,AF wherever the polished 
specimens of the same clinker contain the light interstitial constituent. 

The crystalline habit of the light interstitial phase depends in part 
on the Al,O,/Fe,O; ratio of the clinker and the cooling treatment to 
which it has been subjected. It is almost universally present as 
prisms. Where the Al,O;/Fe,O; ratio is low and the cooling slow, the 
prisms tend to be large and broad. Where the Al,O;/Fe,O; ratio is 
high the crystals are frequently very small, slender needles or are 
dendritic growths. : : 

Optical properties determined either in transmitted or reflected light 
are not sufficiently precise to decide whether C,AF exists in the pure 
form or whether it contains other material in solid solution. Indeed, 
quantitative microscopic determinations [10] on some clinker with 
low Al,O,/Fe,O0; ratios show more light interstitial material than can 
be accounted for by calculating all Fe,O; as C,AF. McMurdie [12] 
has shown that in the system CaQ-Al,0;-Fe,0;, C,AF may take into 
— are between 2.5 and 5 percent of C;A and about 5 percent 
0 Csé 3° 

The influence of other oxides such as MgO upon the optical prop- 
erties, particularly color and pleochroism, of C,AF has been noted by 
other observers [13]. Schwiete and zur Strassen [14] also noted the 
change in color and pleochroism produced by the presence of MgO, 
and attempted to determine the amount of solid solution of MgO in 
CAF by the presence and intensity of X-ray diffraction lines of 
MgO in mixtures with C,AF heated to high temperatures, as com- 
pared with X-ray lines of mechanical mixtures of the two compounds. 
They found that in the system C,AF-Mg0O the limit of solid solution 
of MgO in C,AF was about 2 percent. As will be seen in the following 
brief study of the system C,AF-MgO by the present authors, the 


limits of solid solution as defined by Schwiete and zur Strassen were 
not confirmed. 
(a) RELATIONS WITH MgO 


Equilibrium relations of C,AF and MgO were outlined by a com- 
ination of heating curve and quenching determinations. Mixtures 
containing C,AF crystallize rapidly during quenching. It was found 
possible to prevent this by pointing the lower end of the envelop 
containing the charge, thus permitting the charge to penetrate the 


— of the mercury quenching bath when dropped from the 
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The system was found to be a simple eutectic one. The eutectic 
compontiage and temperature (6.5 percent of MgO: 93.5 percent of 
C,AF, 1,347 43°C) were indicated by extrapolation of the two liquidus 
curves to the intersection. The temperature was confirmed by the 
temperature of the lowest break on the heating curve of a previously 
crystallized mixture of 90 percent of C,AF:10 percent of MgO, and 
both temperature and composition by quenching tests on a mixture 
of 6.5 percent of MgO:93.5 percent of C,AF. These results differ 
somewhat from those of Schwiete and zur Strassen, who located the 
eutectic at about 8 percent of MgO:92 percent of C,AF and about 
1,370°C. The equilibrium diagram as determined by the present 
rope is shown in figure 3 and the results of the quenches are given 
in table 1. 


TaBLD 1.—Results of the quenches in the system MgO-4Ca0.Al,0;.Fe,0; 











Composition 
Temper-| Phases present 
ature 
MgO OC.,AF 
Percent | Percent "Cc 
1355 C.,AF-+¢glass 
2.0 98.0 1350 OC.,AF-+glass 
1310 C.AF+Mg0O 
1395 Glass only 
4.0 96.0 { 1385 C.AF-+¢lass 
1370 Glass only 
5.0 95.0 1360 C4AF-+glass 
' 1350 C.AF-+¢lass 
1340 O,AF+Mg0 
1352 Glass only 
6.5 98.6 { 1345 C,AF+MgO 
1410 Glass only 
7.5 92.5 { 1405 MgO-+glass 
10.0 90.0 1550 Mg0O-++glass 




















In spite of the fact that the qualitative observations of previous 
workers were confirmed, namely, that the presence of MgO deepened 
the color and markedly increased the pleochroism of C,AF, no other 
evidence of solid solution could be found in compositions containing 
1 percent or more of MgO. Mixtures of 1 percent of MgO: 99 percent 
of C,AF were heated to temperatures near the liquidus, cooled at 
rates less than 0.5°/min to 1340° C, a temperature just below that of 
the solidus, maintained at that temperature for % hour or longer, and 
quenched. Microscopic examination of these charges always showed 
a small amount of material with the optical properties of crystalline 
MgO (isotropic, n, about 1.735) and X-ray patterns of such charges 
failed to show any perceptible shift in the lines of C,AF as compared 
with those of the pure compound. Mixtures of 50 percent of M 
and 50 percent of C,AF, held for periods up to 16 hours at about 1340° 
C, after very slow cooling from higher temperatures showed no shift 
in the X-ray lines of either C,AF or MgO as compared with the pure 
compounds. Evidence from the studies reported here indicates, 
therefore, that in the system MgO-C,AF, solid solution of MgO m 
C,AF must be less than 1 percent.. 
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GURE 1.—Free CaO in commercial portland cement clinker. 


P pecimen, etched with 1:1 alecohol-water solution for 2 minutes. Reflected light 
Magnification 1,000X* 














Figure 2.—Free MgO in commercial portland cement clinker. 


Polished specimen, unetched. Reflected light. Magnification 500x. 
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FIGURE 4.—Amorphous type of dark interstitial material in comme portland 
cement clinker. 


Polished spécimen etched with water for 2 seconds followed by 1-percent HN Og in alco! 2 seconds 
Reflected light. Magnification 500> 

















Figure 5.—Rectangular type of dark interstitial material in commercial cement 


clinker. 
Polished specimen etched with water for 2 seconds followed by 1-percent HNOsz in »hol for 2 second 
The rectangular interstitial material encloses 3CaO.SiO» crystals, and in places contains regularly onenie? 


ht interstitial material 


minute inclusions. <A, rectangular dark interstitial material; B, 3CaO.SiOz; C, lig 
Magnification 500X 
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2. THE “DARK” INTERSTITIAL MATERIAL 


The dark interstitial materia] is so called because it has a number 
of characteristics in polished sections which distinguish it from the 
other constituents of clinker. It has a decidedly lower reflectivity 
than the light interstitial material and etches more readily in a 1 
percent alcoholic solution of HNO;. It lacks the internal structure 
of C,S and the external hexagonal form of C,S and it etches somewhat 
less readily than C,S. 

The dark interstitial material may be separated into three types 
on the basis of microscopic observations in both transmitted and 
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Ficurs 3.—Equilibrium diagram of the system MgO-4Ca0.Al,0 3. Fe,03. 


reflected light. ‘These types are not always sharply delimited and 
distinction is sometimes difficult. They will here be called the 
amorphous, the rectangular and the prismatic types. 

The amorphous type of dark interstitial material is the most 
abundant and most commonly occurring of the three types. Where 
observations can be made this phase is isotropic in microscopic 
preparations and its shape is imposed by surrounding constituents. 
In some other properties, notably index of refraction, it varies con- 
siderably. It etches readily in a 1 percent alcoholic solution of HNO;. 
In distilled water’ for 2 to 3 seconds this type etches somewhat less 
readily than the other two types of dark interstitial material but 
somewhat more readily than either C.S or C;S. Its color and index 
of refraction apparently depend upon the composition of the clinker 
and the cooling conditions. In most clinker having a low Al,O,/ 
Fe,Q; ratio the amorphous dark interstitial material has no apparent 
color when viewed microscopically and has an index of refraction 
somewhat less than 1.70 [1], whereas in clinker with a high Al,O,/Fe,0; 


"Dr. G. W. Ward, of the Portland Cement Association, suggested this etchant for distinguishing amor - 
Dhous from other types of dark interstitial material. It is the most sensitive of any thus far tried 








180 Journal of Research of the National Bureau of Standards yu,» 


ratio it has a green color in microscopic preparations viewed by 
transmitted light, and its index is generally greater than 1.74, 

The clinker constituents associated with the amorphous type of 
dark interstitial material also vary somewhat. C,AF is generally 
intimately associated with it (figure 4), but in a few clinkers large 
areas have been found in which interstitial material other than the 
dark amorphous is absent. Apparently rapid cooling is ne 
to prevent the crystallization of C,AF in small clinker pieces or jn 
the outer layer of larger pieces. Amorphous material has been 
observed associated with the prismatic crystalline type and is some. 
times present as outer irregular layers on the prisms. 

All the properties of the maneion sod type indicate that it is glass 
with composition and optical properties dependent upon the chem. 
ical composition of the clinker and the heat treatment and cooling 
conditions to which the clinker has been subjected. 

The rectangular type has been observed in only about four of the 
70 samples of commercial clinker studied and in i four it occurred 
only sporadically, constituting a very small percentage of the total 
dark interstitial material. A few examples of such rectangular forms 
are seen in figure 5. Some of these show a series of parallel etch 
lines which suggest discontinuities in composition in the crystal. 
Although this constituent is evidently a matrix material it is seen to 
inclose crystals of the earlier-formed dicalcium and tricalcium gili- 
cates and some individuals contain, near their centers, groups of 
similarly oriented minute particles. The area illustrated is not 
typical of the particular clinker sample and was selected because of 
the unusual number of rectangular forms present. Examination of a 
polished thin section of clinker which exhibited these forms showed 
that the crystals were nearly or quite isotropic. 

The rectangular, dark, interstitial constituent in polished section 
etches very readily in distilled water for 2 to 3 seconds and less 
readily in a 1 percent alcoholic solution of HNO, for about the same 
time (fig. 5). In etching relations and in form it corresponds very 
closely to well-crystallized preparations of C;A. Although it is very 
difficult to detect with transmitted light in powdered clinker, material 
has been isolated which apparently corresponds to this constituent. 
It is isotropic or very nearly so with an index of refraction close to 
1.72. All of the properties observed indicate that the rectangular 
type is very similar to C;A, with index of refraction raised somewhat 
by the iron oxide [12, 15]. 

Brown [16] also identified an isotropic crystalline material as an 
interstitial (matrix) phase in portland cement clinker, but his obser- 
vations differ from ours in that he found it to be a characteristic 
constituent occurring in grains 350 microns or more in diameter, 
whereas we can find it only as rare and localized crystals with a 
diameter never in excess of 70 microns. P igo 

A more abundant and characteristic constituent is the prismatic 
type of dark interstitial material. Of the 70 samples of commercial 
clinker examined, the type was found to some extent in at least 20 
samples and of these 13 contained large amounts. It is noteworthy 
that in all 20 of these samples the Al,O;/Fe,O; ratio was >1.8. 

This constituent occurs as prismatic crystals which are etched 
readily by water (fg. 6) and somewhat less readii by HNOs-aleohol 
solution (fig. 7). The crystals are usually associated with CAF m 











Fig 
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Prismatic dark interstitial material in commercial cement clinker. 


Polished specimen etched with water for 2 seconds. Magnification 500. 


Figure 7.—Same field as figure 6 etched with water for 2 seconds followed by 1-percent 
HNO; in alcohol for 2 seconds. 


Magnification 500. 
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Figure 8.—Polished thin section of portland cement clinker. 


A, With reflected light, after etching with water for 2 seconds, followed by 1-percent HN 0; in alcohol for 2 
seconds; B, same field as A, but viewed with transmitted light, crossed nicols; C, same field as A with 
reflected light after etching for 2 seconds to show prismatic dark interstitial material; ), same field as A, 
but viewed with ordinary transmitted light. Magnification 500. 
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the matrix material, and sometimes prisms of the dark interstitial 
constituent alternate with prismatic crystals of C,AF in parallel 
orientation. Examination of polished thin sections of clinker con- 
taining well-developed prismatic crystals shows that such crystals 
have a low but distinct double refraction with parallel extinction. 
Figure 8 shows photomicrographs of the same field of a polished thin 
section of commercial portland cement clinker ; figure 8 (A) in reflected 
light after etching with distilled water followed with 1 percent HNO, 
in alcohol, figure 8 (B) in transmitted light with crossed nicols, figure 
§ (C) in reflected light after etching with distilled water, figure 8 (D) 
in ordinary transmitted light. The etching characteristics and the 
double refraction of the prismatic dark interstitial crystals are clearly 
shown. Observation of a number of polished thin sections indicates 
that the double refraction is somewhat variable, but is of the same 
order as that of tricalcium silicate (0.005). Prismatic interstitial 
erystals identified microscopically in powdered clinker were found to 
have @ mean index approximating 1.72. The similarity of many of 
the optical properties of this phase to those of C;S affords an obvious 
explanation of failure to identify it by the usual petrographic methods. 
Etching characteristics of the two phases are so different, however, 
that distinction is easy in polished specimens (figs. 6 and 7). 

In searching for the composition of the prismatic interstitial 
material attention was turned to the possible effect of alkalies, 
because cements are known to contain as much as 1.2 percent of 
Na,O and 1.7 percent of K,0. To determine experimentally the 
effects of these oxides, a laboratory preparation was made up con- 
taining CaO, Al,O;, Fe,O;, and SiO, in about the proportions in an 
average portland cement clinker. The mixture, on the ignited basis, 
contained 67.7 percent of CaO, 22.9 percent of SiO., 6.3 percent of 
Al,O,, and 3.1 percent of Fe,O; and had a potential compound com- 
position of 55 percent of C,S, 24 percent of C.S, 12 percent of C;A, 
and 9 percent of C,AF. Na,CO; was added to one portion of this 
and K,CO; to another portion, so that the resulting mixtures con- 
tained 1.5 percent of Na,O, and 1.5 percent of K,O, respectively. 
The alkali-free, the Na,O-bearing and the K,O-bearing, samples were 
then heated at 1,450°C for 15 minutes, cooled from 1,450 to 1,250°C 
at 10° per minute, and air-quenched from the latter temperature. 
Polished sections and powder preparations were made from each 
sample. The alkali-free sample when examined in reflected light 
figs. 9 and 10) was seen to contain the irregular and rectangular 
types of dark interstitial material with no trace of prismatic crystals. 
In transmitted light the interstitial phase associated with C,AF was 
isotropic with an index of refraction about 1.72. 

The Na,O-bearing and K,O-bearing samples contained definite 
prismatic interstitial crystals (figs. 11 to 14, inclusive) which had the 
same etching characteristics as the corresponding prismatic type of 
dark interstitial material in portland cement clinker. In powder 
preparation, the prismatic crystals were associated with C,AF in 
the interstitial materials, were definitely doubly refracting with ex- 
tinction parallel to the prism axis, and both had mean indices of 
refraction near 1.72. No differences could be seen between the 
Prismatic crystals in the Na,O-bearing and those in the K,O-bearing 
samples. Prismatic crystals with the same forms and optical proper- 
ies were also produced in experimental clinker containing 0.7 percent 
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of alkalies and in another clinker containing 0.7 percent each of both 
Na,O and K,O (figs. 15, 16). 

Brownmiller [17] in a study of the system CaO-Na,0-Al,0, dis. 
covered a compound which he described as having the composition 
8CaO.Na,0.3Al,0; with the following optical properties: a=1,799 
y=1.710, biaxial (—), medium 2V. These properties, with the ex. 
ception of somewhat lower indices of refraction, agree well with those 
of the prismatic material found in the Na,O-bearing laboratory 
preparation and in the prismatic interstitial material in cement 
clinker. Experiments made by the present authors show that the 
laboratory-prepared compound in the presence of Fe,0,; also hag 
increased indices which are practically identical with those of the 
prismatic crystals in commercial clinker. Preliminary work by the 
present authors has cast some doubt on the validity of the formula 
8CaO.Na,0.3Al,0;. Further studies are being made to answer this 
question as well as to discover the composition of the prismatic 
crystals in preparations containing K,O. 


V. DISCUSSION 


As Lerch [8] has pointed out, the behavior of portland cement in 
use depends to some extent upon the amount of glass present. Iney- 
itably, also, the composition of the glass, as well as of the other 
interstitial phases, must play some part in the behavior of the cement. 
Characteristics of interstitial phases are dependent principally upon 
chemical composition of the clinker and the heat treatment, including 
cooling conditions, during and after clinkering. Lea and Parker [11] 
have shown that, in clinker composed only of CaO, Al,O;, Fe,O, and 
SiO,, the order of crystallization of C;A and C,AF is determined by 
the ratio Al,O;/Fe,O; when cooled under conditions of complete equi- 
librium. When the ratio is greater than 1.38, C;A crystallizes before 
C,AF; when the ratio is less than 1.38, C,AF precedes C;A. In com- 
mercial clinker, which frequently contains small amounts of MgO, 
Na,O, K,O, TiO,, Mn,0;, FeO, SO; and P,O;, quantitative microscopic 
determinations [10] as well as the structure of the interstitial phases 
indicate that the ratio at which C,AF crystallizes last is somewhat 
higher than for the 4-component system. 

Cooling conditions are at least as important as composition in 
determining the constitution of the interstitial phases. The almost 
universal presence of glass indicated by our own examinations, as 
well as by the indirect method of Lerch [8] shows that some glass is 
present in the great majority of clinker samples whatever the ratio 
of Al,O; to Fe,O;, and that therefore sufficiently rapid cooling to 
arrest crystallization must have occurred some time during the 
progress of the clinker from the clinkering zone in the kiln to the 
storage pile. 

In clinker with low AI,O,/Fe,0, ratio, such as the “low-heat” 
cement clinker, C,AF crystallizes as well developed prisms leaving 
the glassy interstitial phase low in iron and consequently with a 
fairly low index of refraction [1]. In clinker with a high Al,0;/Fe:0; 
ratio, a partial crystallization of ‘‘dark interstitial’ phases may pr0- 
duce a residual glass with a higher Fe,O0; content and consequently 
a deeper color and higher index of refraction. This appears to | 
true in spite of the fact that C,AF has a high crystallization potential 
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9.—Laboratory-prepared cement clinker containing no alkalies. 


mple etched with water for 2 seconds. Reflected light. Magnification 500 








Figure 10.—Same field as figure 12. but etched with water for 2 seconds followed by 
1-percent HNOs in alcohol for 2 seconds. 


Reflected light. Magnification 500X. 
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Figure 11.—Laboratory-prepared cement clinker containing 1.5 perc nt of Na,O. 


Polished sample etched with water for 2seconds. Reflected light. Magnificat 500%. 





Fiaure 12.—Same field as figure 14, but etched with water for 2 seconds followed by 
1-percent HNO; in alcohol for 2 seconds. 


Reflected light. Magnification 500X. 
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Figur! Laboratory-prepared cement clinker containing 1.5 percent of K,0. 


Pr imple etched with water for 2seconds. Reflected light. Magnification 500X. 











Fiaure 14.—Same field as figure 16, but etched with water for 2 seconds followed by 
1-percent HNO; in alcohol for 2 seconds. 
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Figure 15.—Laboratory-prepared cement clinker containing 0.7 p t each of 
Na.O and KO. 


Polished sample etched with water for 2 seconds. Reflected light. Magnificat 
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Figure 16.—Same field as figure 18, but etched with water for 2 seconds, followed by 
1-percent HNO; in alcohol for 2 seconds. 


Reflected light. Magnification 500X 
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and often crystallizes as extremely fine needles or dendritic forms, 
probably a product of devitrification of the glass. 

The amount and composition of the glass also determine the 
amount of MgO crystallizing as the oxide. Quantitative microscopic 
analyses [10] show that the amount of free MgO is characteristically 
less than the total MgO in commercial clinker. As might be expected 
from phase relations [6], MgO is one of the last phases to crystallize 
in cement compositions, and therefore any glass formed will be sat- 
uated with MgO. ; 

Crystalline interstitial materials other than C,AF occur frequently 
in clinker with high Al,O;/Fe,O; ratios, but are rarely if ever encoun- 
tered in clinker with low ratios. Usually these crystalline intersti- 
tial compounds are prismatic in character and are apparently com- 
pounds of lime and alumina with alkalies. Their development de- 
pends upon cooling rates as well as composition, and wide variations 
may be observed in different pieces from the same clinker batch. 

The precise computation of the actual compound composition of 
dinker from the chemical composition appears to be quite impossible 
without a more complete knowledge of the poly-component equilib- 
rium system comprising the oxides in commercial clinker, and a de- 
termination of the temperatures in individual kiln installations at 
which crystallization is arrested and the formation of glass begins. 

Quantitative microscopic methods using polished, etched speci- 
mens and reflected light are available, but at present lack precision, 
because: (1) the compositions of solid solution phases have not been 
accurately determined, and (2) no etching method permitting sharp 
distinction between crystalline and glassy dark interstitial material 
has been developed. Ward’s * method of etching with distilled water 
to distinguish between the rapidly etched crystalline material and 
the slowly etched glassy material is promising, but further studies of 
etching time and temperature are necessary for adequate control. 
The lack of uniformity in structure of commercial clinker also com- 
plicates the quantitative determination of compounds. Even where 
distribution of the major constituents is fairly uniform, rapid chilling 
of the outer portion of a clinker piece may produce a glass quite differ- 
ent from the glassy or crystalline interstitial materials in the interior 


of the piece. 
VI. SUMMARY 


_ The minor constituents in commercial portland cement clinker and 
in laboratory preparations of similar composition have been studied 
Ceercscopic and thermal methods. The microscopic methods in- 

uded the examination of powdered preparations and thin sections 
with transmitted polarized light, polished etched sections with re- 
flected light, and a combination of reflected and transmitted light 
using polished, etched thin sections. 

Free MgO may be identified in polished unetched sections of com- 
mercial clinker and free CaO in sections etched with alcohol-water 
mixtures. Both free CaO and free MgO may be determined quan- 
titatively in such sections. 

The light interstitial material in cement clinker is shown to be 
4Ca0.Al,0;.Fe,0;. New determinations of the relations in the binary 
system 4Ca0.Al,0;.Fe,0;-MgO have been made. 4Ca0.Al,0;.Fe.0; 
takes less than 1 percent of MgO into solid solution. 

LL 

* See footnote 4. 
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The dark interstitial material consists of three types: amorphous 
rectangular, and prismatic. The amorphous material is glass. Char. 
acteristics and associations of the glassy material are given. Glassy 
material occurs in most commercial portland cement clinker. The 
pawn aw material is 3CaO.Al,0;, and is found only rarely in com. 
mercial clinker. The prismatic interstitial material frequently ob. 
served in commercial clinkers is probably a compound of lime, alu- 
mina and alkalies with a small amount of 4CaO.Al,0;.Fe,0, in solid 
solution. Its close similarity to 3CaO.SiO, in optical properties has 
prevented its identification by petrographic methods. It is readily 
distinguished from 3Ca0O.SiO, in polished section by the use of suit- 
able etchants. It is frequently found in commercial cement clinker 
with a moderately high Al,O;/Fe,0; ratio. Laboratory-prepared 
clinker composed of CaO, Al,O;, Fe,O; and SiO, when cooled at 
moderate rates, contains rectangular dark interstitial material, whereas 
the same preparation with small amounts of Na,O, K,0, or both, 
contains prismatic dark interstitial material. The K,O compound 
forming the prismatic crystals has not been identified. The Na,O 
compound has properties very like those of the compound to which 
the formula 8CaO.Na,0.3Al1,0; has been assigned by its discoverer. 

Changes in composition of the minor constituents depending upon 
chemical composition and cooling condition of the clinker are dis- 
cussed. Difficulties in quantitative determination of the compound 
composition of clinker are enumerated. 


VII. REFERENCES 


H. Insley, J. Research NBS 17, 353 (1936) RP917. 

A. H. White, Ind. Eng. Chem. 1, 5 (1909). 

Wm. Lerch and R. H. Bogue, Ind. Eng. Chem. Anal. Ed. 2, 296 (1930.) 

B. Tavasci, Giorn. Chim. Ind. Applicata 16, 538 (1934). 

C. K. Wentworth, J. Geol. 31, 228 (1923). 

H. F. MeMurdie and H. Insley, J. Research NBS 16, 467 (1936) RP884. 

Wm. Lerch and L. T. Brownmiller, J. Research NBS 18, 609 (1937) RP997. 

Wm. Lerch, J. Research NBS 20, 77 (1938) RP1066. 

Wm. Lerch and W. C. Taylor, Concrete 45, 199, 217 (1937). 

[10] H. Insley, E. P. Flint, and J. A. Swenson (in preparation). 

[ll] F. M. Lea and T. W. Parker, Dept. Scientific and Ind. Research, Bldg. 

Research Tech. Pap. 16 (1935). 

[12] H. F. MceMurdie, J. Research NBS 18, 475 (1937) RP987. 

[13] R. H. Bogue, Ind. Eng. Chem. Anal. Ed. 1, 192, footnote (1929). 

[14] H. E. Schweite and H. zur Strassen, Zement 23, 511 (1934). 

[15] W. C. Hansen, L. T. Brownmiller, and R. H. Bogue, J. Am. Chem. Soc. 50, 
396 (1928). 

[16] L. S. Brown, Tricalcium aluminate and the microstructure of portland 
oraa7 clinker, American Society for Testing Materials, Proc. 37, pt. 2, 277 

1 i 
[17] L. T. Brownmiller and R. H. Bogue, Am. J. Sci. 23, 501 (1932). 
[18] L. T. Brownmiller, Am. J. Sci. 29, 260 (1935). 


OWNIB NP woe 











NovEMBER 23, 1937. 








P 


S32-33 Ss8s 


oh <a 








U. §. DEPARTMENT OF COMMERCE National Bureau or STANDARDS 


RESEARCH PAPER RP1075 


Part of Journal of Research of the National Bureau of Standards, Volume 20 
February 1938 





—_—_—————— 


RADIOMETRIC MEASUREMENTS OF ULTRAVIOLET 
SOLAR INTENSITIES IN THE STRATOSPHERE 


By R. Stair and W. W. Coblentz 


ABSTRACT 





A description is given of a photoelectric cell and filter type of ultraviolet-in- 
tensity meter [1]4 which is combined with an audio-frequency generator and radio 
transmitter and transported aloft by means of unmanned balloons. 

The radio-frequency wave is modulated by the response of the photoelectric 
cell, the response being proportional to the intensity of the incident ultraviolet 
rays. The height of the balloons is indicated by a radio barograph. The radio 
signals giving the altitude of the apparatus and the ultraviolet intensities are re- 
geived and recorded graphically at a ground station. 

Six balloon ascensions were made during the latter part of June and the early 
part of July 1937. Altitudes up to about 80,000 ft (24 km) were attained, but 
owing to the weakness of the signal and the consequent interference by noise 
strictly quantitative data were obtained only to about 64,000 ft (19 km). 

Below 14 km the transmissions of ultraviolet through the filters remain fairly 
constant, indicating but little change in the spectral quality of the shortest wave 
lengths. At a height of about 14 km the transmissions of the filters begin to 
decrease, indicating a selective increase in intensity of ultraviolet of the shortest 
wave lengths, as a result of a decrease in the amount of ozone above the apparatus. 

Between 14 and 19 km the filters show an unmistakable decrease in trans- 
mission, indicating that the apparatus had passed through an appreciable portion 
of the ozone layer, variously estimated at 15 to 30 percent of the superposed ozone, 
the lower value being in good agreement with previous explorations (in 1934), 
taking into consideration the latitude and the season of the year. 

At the highest altitudes attained the intensity of the ultraviolet radiation in the 
band of wave lengths shorter than 3132 A was about 3 times the value observed 
at sea level. This spectral band includes, of course, also wave lengths not ob- 
served at sea level. 
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I. INTRODUCTION 


For some years the writers have made measurements of ultraviolet 
solar radiation, using a photoelectric cell and filter radiometer [1, 2] 
By means of this device a measurement is obtained of the spectra| 
quality (the spectral-energy distribution) and the total intensity of 
the radiation in the band of wave lengths shorter than 3132 A, which 
is recognized as having a therapeutic effect, at least in healing rickets. 

It is well known that the spectral quality and total intensity of the 
ultraviolet solar radiation that comes to the earth’s surface are deter. 
mined largely by the amount and distribution of ozone in the strato. 
sphere. This information has been obtained almost entirely by means 
of spectrophotography. While the results so obtained appear to be 
authentic, nevertheless, the photographic method has several short- 
comings, the most noteworthy being that no strictly quantitative 
measurement is obtained of the intensity of the incident radiation 
at different heights above the earth’s surface. 

In a previous paper [4] there was given an outline of a proposed 
method of determining the spectral quality and the total intensity 
of the ultraviolet of short wave lengths in solar radiation at various 
heights above the earth’s surface. The proposed device consists of a 
photoelectric cell, filter radiometer [2], and auxiliary apparatus for 
transmitting radio signals. It is transported aloft by means of sound- 
ing balloons. While the photoelectric cell and filter radiometer 
cannot compete with a spectroradiometer in recording fine details in 
spectral-energy distribution, it has proved adequate for the purpose 
for which it was designed [2, 3]; and, because of its light weight, it is 
easily adapted for transportation into the stratosphere by means of 
sounding balloons [23]. 

In this connection, it is interesting to note that within the 
past few years radio-wave transmitting and receiving instruments 
(like many other physical devices) have become a very useful auxil- 
iary means of recording data obtained in remote or otherwise inacces- 
sible places. In earlier researches, in which the measuring apparatus 
(thermometer, barograph, pyrheliometer, etc.) was transported in 
sounding balloons, the uncertainty of subsequently securing the data 
depended upon the additional hazard of recovering the balloons. 
Nowadays, the measurements of temperature, barometric pressure, 
humidity, and in the present instance, ultraviolet solar intensity, 
are transmitted from aloft by means of radio waves, which are re- 
ceived and recorded in a central station on the ground coincidently 
with the time of observation. No lives are hazarded and the observa- 
tions are on record, even if the balloons and measuring instruments 
are not recovered. : 

In this respect the writers have been singularly fortunate. Using 
three sets of instruments, six flights were made, and, to date, only one 
instrument remains unrecovered. This particular instrument had 
made two previously successful flights, and each time it was recovered 
undamaged. 

One unit remained hidden for more than a month between two large 
trees in an infrequently visited forest before it was recovered, ul- 
damaged. The recovery of this unit was especially important, 
because the photoelectric cell had ceased to function after attaming 
a height of 21,500 ft (6.5 km; the barometer signal indicated an ascent 
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to 78,000 ft; 23.8 km), and on recovery it was ascertained that it was 
the photoelectric cell and not the resistors that had become defective. 

It is of course to be recognized that the herein-described radiometric 
procedure is still in an experimental stage of development. However, 
when we consider the fact that in this preliminary trial the apparatus 
was assembled from stock laboratory equipment which had many 
shortcomings (the photoelectric cells were not the most sensitive that 
can be made; the radio-wave transmitter was weak ; and the radio-wave 
receiver was not the most sensitive obtainable), we regard the method 
feasible and highly promising for studying ultraviolet solar intensities 
in the stratosphere. 

Aside from the scientific value of the data so obtained, from a purely 
utilitarian standpoint, the investigation of this problem is of impor- 
tance because of the need of information on the spectral-energy distri- 
bution in the extreme ultraviolet of solar radiation used in heliotherapy. 

Some experimenters have attempted to evaluate the ultraviolet in 
slar radiation by calculation, on the assumption that the spectral- 
energy distribution in the extreme ultraviolet of the sun, outside the 
earth’s atmosphere, is similar to that of a black body at 6,000° K. 

In a previous communication [4] attention was called to spectro- 
radiometric measurements by Pettit [6] and to photoelectric cell and 
filter measurements by the writers [3] showing that the solar spectral 
intensity, in the extreme ultraviolet, has an abrupt and continuous 
drop with decrease in wave length; and that the slope of this spectral- 
energy distribution outside the earth’s atmosphere is closely repre- 
sented by that of a black body at 4,000° K, or perhaps even lower. 

The object of the present paper is to present the results of a pre- 
liminary attempt to determine radiometrically the spectral quality 
and total intensity of the ultraviolet solar radiation of short wave 
lengths, in the stratosphere, and thereby obtain a check on the spec- 
trographic determinations of the distribution of ozone (made by 
Dobson, Goetz, Regener, and others), which are somewhat in disagree- 
ment in that in Regener’s [8] balloon ascents a considerable portion 
of the ozone appeared to be diffused to somewhat lower elevations 
than recorded in the two ascents reported upon by O’Brien [11] and 
by Mohler [10]. As will be shown presently, both sets of observations 
may be correct. For example, in our flight 3, as the apparatus rose 
above the earth’s surface there was an increase in the values of the 
filter transmissions with but little change in the total intensity, just 
as though the bulk of the ozone was increasing in amount during the 
light and was situated at a much higher elevation than was attained 
by our apparatus on that date. Again, on two of our subsequent 
fights (4 and 5) there appeared to be a definite change in spectral 
quality and a rapid increase in total intensity, beginning at a much 
lower elevation than in flight 3, indicating a considerable penetration 
into the layer of ozone which seemed to extend to a much lower 
elevation on these dates. 

_ Since the information in flights 3 and 5 was obtained with the same 
istrument, the differences in intensity of ultraviolet solar radiation 
at the same elevation, observed on widely different dates, may perhaps 
be ascribable to differences in formation or diffusion of ozone into the 
lower levels of the stratosphere, rather than to differences in instru- 
mental equipment. However, as noted in section VI, until con- 

atory data can be secured, the unexpected results obtained in 
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flight 3 are ascribed to unexplained changes in the instruments rather 
than to an increase in ozone during the flight, although varying 
meteorological conditions suggest such a possibility. 

In this connection, reference is made to a discussion of atmospheric 
ozone and meteorology by Dobson and Meetham [13, 16], in which 
it is shown that the coal: amount of ozone varies with the latituds 
and the season, being a maximum in the local spring and a minimyn 
in the local autumn; also that (in Europe) marked daily variations jp 
ozone occur with varying meteorological conditions, the maximyn 
amounts of ozone being generally observed in areas of low barometric 

ressure (“cyclonic regions’’) and the smallest amounts in areas of 

igh barometric pressure (‘anticyclonic regions’’) [16]. However, the 
association of this rise in ozone value with polar air currents, in the 
troposphere, does not seem to be the result of a simple transportation 
of ozone by air currents [19]. 

From the foregoing citations it appears that the position of the ozone 
layer, which is situated on the average at a height of 22 [9] to 24 km{g) 
is not stationary [16]. In fact, in addition to slow seasonal changes 
reported by others, there are irregularly occurring variations of short 
duration. For example, in the ultraviolet-intensity measurements 
made by one of the writers (W. W. C., in 1934) at Flagstaff, Ariz, 
(elevation 7,300 ft.; 2.2 km), on several days the filter transmission 
measurements indicated a conspicuously higher transparency (a 
lower ozone concentration) than the average value for the same season, 
the same air mass, and the same visual clearness of the atmosphere [2]. 

The data obtained in these preliminary explorations of ultraviolet 
solar intensities in the stratosphere are too meagre to warrant more 
than a brief consideration in connection with the relation that is 
known to exist between the variations in the ozone content and mete- 
orological conditions. They are very suggestive, nevertheless, in 
indicating a quick method of exploring the extent and location of the 
maximum concentration of the ozone layer as a function of the season, 
barometric pressure, circulation of polar air currents, etc. [12, 13, 16]. 


II. DESCRIPTION OF THE ULTRAVIOLET-INTENSITY 
METER AND AUXILIARY APPARATUS 


In the photoelectric cell and filter radiometer [1], as used by the 
writers on the earth’s surface, the ultraviolet intensity is measured in 
terms of the scale reading of a microammeter. The intensity can be 
obtained also with a graphically recording meter. 

For measuring the ultraviolet intensity in the stratosphere, it was 
necessary to introduce a very radical change in the design of this 
apparatus in order to reduce the weight. Instead of the balanced 
amplifier and microammeter, the photoelectric cell controls an 
audio-frequency generator which feeds into an amplifier. Lae 

For tests in the laboratory, the auxiliary apparatus used with this 
type of ultraviolet meter consists of telephone receivers (also a stand- 
ard audio-frequency generator [17] for use in determining the audio 
frequency emitted by the ultraviolet meter) or a suitable electromc 
frequency meter. 

For measurements in the stratosphere, the auxiliary apparatus 
used with our photoelectric ultraviolet meter |1, 4] is based on the 
radio-meteorograph method |7] developed by Diamond, Hinmat, 
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and Dunmore of the radio section of this Bureau. It comprises (a) 
a radio transmitter, which, combined with the ultraviolet meter, is 
transported in the unmanned balloon; and (b) a ground-station 
receiving and graphically recording apparatus, consisting of a super- 
regenerative receiving set, an electronic frequency meter, an amplifier 
and electrical filter unit, and a recorder. The radio section made 
available to us a sample radio-meteorograph transmitter and a com- 
plete receiving setup, and assisted us in modifying, to meet our needs, 
the ingenious barometric-pressure element of the radio meteoro- 
graph |7] used for the purpose of indicating the altitude of the balloons. 

An essential part of this barograph,* B, shown in the lower part of 
figure 1, consists of a number (about one-third the number used in 
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Figure 2.—Electric-circuit arrangement of the photoelectrically controlled, P, 
audio-frequency generator, and, upper part, the radio barograph circuit, B. 


the radio meteorograph [7]) of thin electric-conducting strips, sepa- 
rated by thicker insulating strips. A contact point on a movable 
arm, operated by the pressure diaphragm of the barometer, closes an 
dectric circuit as it crosses these metal strips; and, depending upon 
the resistance and capacitance connected in the grid circuit, a pre- 
determined modulation frequency is produced, characteristic of a 
particular segment. By suitable connection of the segments, in 
groups of one and three (as shown at B, in fig. 2) having the same 
modulation frequency, identification is obtained of the height attained 
by the balloons. This barometric apparatus was calibrated for 
pressure (in absolute scale) by the aeronautic instruments section of 
this Bureau. 

It should be noted (fig. 2) that the grid circuit of the relaxation 
oscillator contains a resistance of many megobms and an extremely 
small charging condenser in order to secure sufficient sensitivity for 
the type of photoelectric cell used. In order to reduce the effects of 
the capacitance of the electrodes, a high resistance (10 megohms) is 
connected on each side of the photoelectric cell. The circuit is 
essentially voltage-controlled. 
fn Manufactured by Julien P. Friez & Sons, Inc., Baltimore, Md. [7]. One of the modifications consisted 


jp eutting the contact arm near its end and connecting it (suitably insulated) directly to the control grid 
order to reduce its capacitance 
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It is to be noted also that the photoelectric cell functions by gp 
emission of electrons, on exposure to ultraviolet radiation, and not ag 
a variation in resistance [7] as the oscillating circuit is commonly used 
Upon irradiation of the photoelectric cell, the liberated electro, 
current changes the potential of the control grid, thus changing the 
frequency of the audio oscillation. It is necessary to keep a potential 
of some 45 v on the negative electrode (the photosensitive surface) jn 
order to properly operate the photoelectric cell. It is, therefore 
difficult to build a stable oscillator, directly controlled by a relatively 
insensitive photoelectric cell. The circuit arrangement described jn 
the previous paper [4], represented a first step in the evolution of g 
suitable photoelectrically controlled audio oscillator. The audio 
oscillator, consisting of a type 1A6 radio tube with suitable resistances 
and condensers, used in the present research, is shown in figure 2. The 
rest of the transmitter circuit, consisting of a type 32 tube as an audio 
amplifier and a type 30 tube as a radio-frequency oscillator, is essen. 
tially the same as used by Diamond and his collaborators [7]. 

The radio transmitter was operated on a frequency of approximately 
50 megacycles (6 m) using a single vertical-wire antenna, which was 
attached directly to the ‘‘shock cord” and was thus held under tension 
and electrically insulated from the balloon cords. 

Since the conclusion of the work described in the present paper, a 
new precision model of a stratosphere ultraviolet meter has been 
assembled and tested in the laboratory. In the new instrument the 

hotoelectric current is amplified before reaching the relaxation oscil- 
ator, making it possible to use a more stable circuit. Furthermore, 
the sensitivity of the entire unit is automatically tested each time the 
barograph interrupts the ultraviolet signal to give an altitude indi- 
cation. In this new high-precision instrument, using a more powerful 
radio transmitter, results comparable in accuracy with those at a 
ground station should be obtainable. 


III. DESCRIPTION OF THE ASSEMBLED APPARATUS 


In figure 1 is shown the ultraviolet meter. This consists of a photo- 
electric cell and filters and a photoelectrically controlled audio- 
frequency generator; also the auxiliary radio-transmitting apparatus, 
assembled in its housing of balsa wood, temporarily open at the top 
and front for purposes of exposition [23]. The dimensions of the box 
are 16 by 16 by 22 cm. 

When all adjustments have been made, the apparatus is completely 
inclosed, except the hole, H, in the top to admit sunlight to the photo- 
electric cell. The sides and bottom are then wrapped with cotton 
yy 4 gee covered with a black cloth. The total weight is about 1.6 
sg (3.5 lb). 

Referring to figure 1, and beginning the description at the top, an 
essential part of the apparatus is a cardboard disk (boiled in ceresii 
wax to exclude moisture) with four elliptical openings (25 by 37 mm), 
three of which are covered with glass filters, F, having the spectral 
transmissions shown in figure 3. This disk is rotated by a small electric 
motor, M (shown at the lower right of fig. 1), operated on 0.009 amp 
from two small flashlight batteries. “7 ee 

The speed of rotation of this disk ranged from 1 revolution in about 
40 sec (about 60 sec in fig. 4) to 2 min in the different flights. In the 
slower rotations the momentary shadows cast on the photoelectric 
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cell by the suspension threads, as the instrument rotated about its axis, 
are clearly indicated by indentations in the graphical record (fig. 4). 

The cadmium photoelectric cell, P, is a General Electric type 
fJ-135, spherical bulb, with the base removed and the glass covered 
with aluminum foil to exclude stray light and to remove possible 
electrostatic charges. This type of cell, which responds to radiation 
of wave lengths extending from 2600 to 3250 A, is eminently adapted 
to this type of ultraviolet measurement. The top of the cell is 
covered with a diffusing window of Corex A glass (40 mm in diameter 
and 2 mm thick) molded to fit the spherical bulb, and fine ground on 
hoth faces. Over this window, which is highly transparent to 2500 A 
in the ultraviolet, is placed a black-paper cover with an opening 17 
mm in diameter, as shown in figure 1. This combination is secured 
to the photoelectric cell by means of adhesive tape. 

The spectral response for an equal-energy stimulus (fig. 3), and the 
sensitivity for different angles of incidence (fig. 5), were determined 
for each combination of photoelectric cell and Corex A diffusing 
window before mounting, as shown in figure 1. As will be noted on 
a subsequent page, before making a flight the complete unit (photo- 
electric ultraviolet meter and its radio transmitter) was calibrated 
against a standard of ultraviolet radiation [5]. 

In the lower part of the box is shown the barometric switching unit 
(B, to the left), some of the dry batteries, and C, the radio-frequency 
oscillator coils. 

The box containing this apparatus is suspended from its corners by 
strong (waxed) linen threads and a stranded copper-wire antenna, 
A,1.5minlength. Above this is a ‘shock cord’ about 3 m in length, 
consisting of six strands of rubber ribbon, each 3 mm in width. 

Some of the earlier ascensions were made with three balloons in a 
cluster, and later ascensions were made with four balloons tethered 
at different lengths (5 to 20 m) from a common meeting point, from 
which the box of apparatus was suspended (on a cotton cord) at a 
total distance of about 25 m below the balloons, which was sufficient 
to prevent possible shadowing by the balloons when fully expanded. 
The ascensions were made in relatively still air, and there was prac- 
tically no drifting of the box of instruments which hung vertically 
below the balloons as they ascended. 

The balloons were sufficiently inflated with hydrogen to exert a 
pull of 1% to 2% lb (800 to 950 g) each, as determined by a small spring 
balance. One balloon was inflated more than the others in order to 
have it burst before the others, which acted as parachutes to retard 
the descent and prevent injury to the instruments. 

In order to secure a radiometric record of the ultraviolet intensity 
near the earth’s surface, when there was no strong wind, the balloons 
were released by means of a cord drawn through a metal ring attached 
above the rubber ‘‘shock cord,” by means of which the whole device 
could be held in leash, thus permitting the instrument box to swing 
freely some 5 m above the ground. 

When all was in readiness, and the recorder was working properly, 
one end of this launching cord was released, the pull of the balloons 
caused the cord to slip through the ring without difficulty, and the 
ascension of the apparatus proceeded without further interruption. 
Six exploratory flights were made in this manner. 

38682—38——_7 
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The ascensions of the apparatus were made at the Bureau’s radio 
field station at Meadows, Md., some 25 km from Washington, In 
the preliminary part of the work we had the valuable experience anq 
assistance of W. S. Hinman, Jr., and, later on, E. G. Lapham, both 
from the radio section of this Bureau. 

Several ascensions were made through cloudy skies. Judging from 
the cleanness of the filters after recovery of the apparatus, if any 
moisture was condensed on the filters while passing through the 
clouds its effect was only temporary. ‘There are some indications 
that the temperature of the disk rose to 55° C, or perhaps higher 
during the flight. 

A notice was attached to the instrument box stating that a reward 
would be paid for the return of the instruments, intact as found; and 
the finder was requested to write us, describing the recovery—how 
many balloons had burst, ete. These descriptions of recovery of the 
apparatus proved interesting and instructive. In one instance, the 
balloons and apparatus must have traveled some 500 km; and, at 
5 o’clock on the morning following the flight, two balloons, carrying 
the instrument box about 10 m above the ground, were discovered 
floating above a cornfield, some 50 km south of Raleigh, N. C—a 
distance of some 450 km in direct line from their starting point. The 
apparatus (“camera”) was returned unbroken and made two sub- 
sequent flights. In another instance the instruments (motor still 
running) and two unexploded balloons descended, and were recovered 
unharmed during a rain and lightning storm near Allentown, Pa., a 
distance of some 200 km. Aside from the interest in the monetary 
reward, the finders seemed interested and cooperative in returning 
the apparatus. 


1. DESCRIPTION OF THE ELECTRIC MOTOR 


One of the preliminary problems in the development of the strato- 
sphere ultraviolet meter was a means of temporarily placing the glass 
filters, in succession, over the window of the photoelectric cell. A 
small electric motor was decided upon as best adapted for this pur- 
pose. But since no commercial motors having the proper power and 
weight were available, it was necessary to construct a suitable unit to 
rotate a disk supporting three filters. After a few trials a model (see 
fig. 1) was constructed which operated on about 9 ma at a potential 
of 3 v, and yet had sufficient power to rotate the disk. This motor 
with the reduction gearing (800 to 1) weighed only 3 oz. 

The field poles are constructed of tool steel and measure over-all 
approximately 1% by 1% by %. in. The armature, which is % in. mn 
diameter and %, in. in thickness, is wound with four coils (about 3,500 
turns) through eight slots (0.2 in. diameter) near the circumference 
of the armature. 

The silver commutator and brushes, and the reduction gears were 
obtained from d-c watthour meters,? and were remodeled to give & 
desired speed of rotation of the filter disk, which was about 1 rpm 
(revolution per minute). : 

Since the relaxation oscillator was operating in an extremely sensl- 
tive manner it was necessary to locate the motor relative to the 
transmitter coils, photoelectric cell, and relaxation oscillator circuits, 


! The commutators and gearing from a number of replaced d-c watthour meters were kindly supplied 
to us by the Potomac Electric Power Cbd., of this city. 
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so that the electromagnetic effect of the rotation of the armature of 
the motor was a minimum. In this position, the field through the 
motor was at right angles to that through the radio-frequency oscilla- 
r coils. 

* the first flights, motor troubles were encountered because the 
small dry cells (type Z) which were used did not have sufficient 
capacity to maintain the proper voltage to operate the motor at the 
low temperatures encountered. In one case, there was evidence of a 
breakdown in the motor winding, resulting in excessive battery drain. 
For the later flights, large cells (standard flashlight type) were em- 
ployed and gave practically uniform motor speed throughout the 
records (see fig. 4). 


2. DATA ON THE FILTERS AND PHOTOELECTRIC CELLS 


Supplementing the foregoing general information on the radiometric 
equipment, it is relevant to include the following details regarding the 
spectral transmissions of the filters and the spectral responses of the 
photoelectric cells depicted in figure 3. 

The three glass filters (fig. 3) were selected to have suitable trans- 
missions in order to give three bands of radiation of approximately the 
same increments of intensity and to secure a good tracing on the re- 
corder sheet. ‘The samples of Helioglass (H) and barium-flint (Ba-/) 
were ground and polished to a suitable thickness. The sample of 
lantern-slide glass (ZS) was selected to meet our filter-transmission 
requirements. Sufficient material of each kind of glass was provided 
in order to have a reserve for a number of ultraviolet meters, thus 
saving work in determining the transmissions and simplifying the 
calculations in the reduction of the data. 

Since completion of this preliminary exploration, it appears that the 
Helioglass (7) filter is too transparent (fig. 7) to suppress the inciden- 
tal errors of observation and to show the expected change in transmis- 
sion with altitude. Hence, in the future, a more opaque filter will be 
used. 

The spectral responses of the Cd photoelectric cells, covered with 
the Corex A diffusing glass, are depicted in figure 3. They are prac- 
tically insensitive to wave lengths longer than about 3250 A and have 
’ maximum response in the region of 2850 A. Hence, they are well 
adapted for measuring the slight increase in intensity in the ultra- 
Violet at 2880 to 2900 A, which becomes perceptible at high altitudes. 

The spectral range of the photoelectric response coincides closely 
with the numerous important absorption lines of ozone in the region of 
8227 A and shorter wave lengths [14]. 

While this narrow spectral response makes the measurement more 
nearly in terms of homogenous radiation, nevertheless, it would have 
been desirable to use a cell with a wider spectral response in order to 
secure & more powerful action in the radio transmitter and thus furnish 
& more stable sending device. However, with the new instrument 
proposed for future work, the stability of the relaxation oscillator and 
> eee are independent of the sensitivity of the photoelectric 
cell, 

From the data thus far obtained, it appears that when more is 

own about ultraviolet intensities in the stratosphere it may be 
possible to dispense with the filters as a means of determining the 
spectral quality of the incident radiation. This will reduce the 
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weight, and will make it possible to attain higher altitudes with the 
equipment now used. Furthermore, a larger part of the photoelectric 
cell can then be exposed and intensities at lower solar altitudes can be 
measured. By suitable standardization [5] before the ascent, it ma 
be possible to explore the ozone layer from day to day without these 
filters to determine the spectral quality. 
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Figure 3.—Graphs showing the spectral response of the various cadmium photo- 
electric cells; also the spectral-transmission curves of the filters 








IV. DESCRIPTION OF A BALLOON FLIGHT 


As already mentioned, the ground-station receiving and,recording 
equipment was a duplicate of the apparatus described and illustrated 
in figure 10 of the paper published by Diamond, Hinman, and Du- 
more [7]. The recorder and its auxiliary amplifier failed to depict 
frequencies proportional to the change in intensities of ultraviolet 
radiation.* The recorder was therefore used merely as an indicator 
of the time scale and for identification of the altitude signals. The 
values of the audio frequencies, emitted by the transmitter, were 
therefore read directly on the dial of the electronic-frequency meter 
and written in pencil on the corresponding graphical record. This 
saves time in subsequent calculations. 

In figure 4 are shown two parts of a graphic record of an exploratory 
flight (4) made with our apparatus on July 2, 1937. 

Referring to figure 1, it may be noted that, as the disk rotates, the 
two opaque spaces between the glass filters, F, act as a shutter to 


4 The cause of this defect was subsequently located in the auxiliary amplifier. 
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exclude radiation from the photoelectric cell, and the lowest audio 
frequencies recorded (along the lower horizontal line marked 1.0, 
fg. 4), are reference frequencies, analogous to a graphic laboratory 
record of the zero scale reading of a galvanometer. 

When the oblong open space in the disk is over the window of the 
photoelectric cell, as shown in figure 1, the maximum audio-frequency 


IN FREQUENCY 


CHANGE 





ALTITUDE 


FicuRE 4.—Reproduction of two parts of a graphic record of the ascension of a 
stratosphere ultraviolet solar intensity meter, showing the change in frequency 
(ordinates) with change in intensity of ultraviolet radiation transmitted through the 


filters (a, b, c) as a result of change in altitude; also audio-frequency signals, ALT, 
of the radio barograph. 


| hote is emitted, the maximum deflection is read on the dial of the 


uectronic frequency meter, and the maximum deflection of the recorder 
im is inscribed on the graphical record, as shown in figure 4. 

As the disk continues to rotate, the three filters, F, which are 
wranged in order of decreasing transparency to ultraviolet radiation, 
pass IN succession over the window of the photoelectric cell; and cor- 
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respondingly smaller deflections are successively read on the frequency 
meter and are traced on the graphical record. 

With change in elevation of the apparatus, the movable arm of the 
barometric-pressure apparatus crosses the metal contacts on the 
pressure switching element (B, in figs. 1 and 2) and an entirely differen; 
audio-frequency note is emitted, as indicated at the points ALT 
figure 4. This interruption in the graphic record of ultraviolet inten. 
sities is not a serious objection since it does not occur frequently. It 
would, of course, be possible to have the barometer signals emitted 
while an opaque section of the rotating disk is over the photoelectric 
cell, but there would be no great gain in information on ultraviolet 
intensities. 

In the flight of July 2, 1937, the apparatus was transported by three 
balloons, all of which, contrary to previous experience, burst simul. 
taneously at a height of about 18 km, and the instrument was dropped 
precipitously and badly broken on landing in a cultivated field. 

At the top of this flight the integrated ultraviolet intensities, for no 
filter, were about 3 times those recorded on the ground, and the 
graphical record (fig. 4) went off the top of the scale. In anticipation 
of such an occurrence, we had designed the disk to carry a number of 
rr en At this height the records were clear for the two most opaque 

ters. 

In two subsequent flights the apparatus was transported by four 
balloons and a height somewhat above 23 km was attained. 

To keep the meter readings on the scale at high altitudes, in subse- 
quent flights the sensitivity of the apparatus was reduced, so that the 
graphical indications at the earth’s surface were only about one-half 
that indicated in figure 4. This improved the reception at the highest 
altitudes attained but reduced the accuracy at the lowest altitudes. 

However, owing to the weakness of the transmitter and the conse- 
quent interference by noise, it is not possible to derive strictly quan- 
tative radiometric data from these records for elevations much higher 
than about 19 km. 

From this survey, we are encouraged in the belief that this method 
of making radiometric measurements of ultraviolet solar intensities 
in the stratosphere is practicable and promising for obtaining valuable 
scientific data on the altitude and extent of the ozone layer, and 
ultraviolet solar intensity, especially preceding and during a radio 
fadeout. With this end in view, it is proposed to renew the investigs- 
tion with a more sensitive photoelectric cell, a more powerful radio- 
wave transmitter, and a more sensitive receiver than was available 


in this preliminary trial. 
1. NOTES ON THE SIX FLIGHTS 


In view of the interest these observations may have in other fields 
of research, as they already have in the case of radio-wave fadeouts, 
a few details are given regarding each flight. In all the flights latex 
balloons, model 350, made by the Dewey and Almy Chemical Co. 
were used. 

Flight 1.—Cd-1 photoelectric cell and auxiliary apparatus transported aloft by 
means of three balloons joined in a cluster. Strong NNW wind; a few fleeting 


fractocumulus clouds but none near the apparatus. : 
Ascent started at 11:22 a. m., EST, on June 22, 1937. Ultraviolet record 
terminated at 12:14 p. m. at an elevation of 33,500 ft (10 km), when the motor 
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ceased rotating the filters, leaving the photoelectric cell covered with the opaque- 
fiter mounting. On recovery it was observed that the heat of the sun had melted 
the ceresin wax in the filter mounting, showing a rise in temperature to 55° C. 
Total height attained was 69,000 ft (21 km). Apparatus recovered in good 
gndition on June 25 at Bishop’s Head, Md. 

For comparative purposes, simultaneous observations of ultraviolet solar 
intensities were made with NBS standard ultraviolet meter and Ti-1 photoelectric 
ell (1];from 10:40 a. m. to 1:40 p. m.; sky free from dust after several rainy days. 

Good radio intensity reported by the radio section of this Bureau. 

Flight 2.—Cd-110 —- transported by three balloons in a cluster. Sky 
thick, hazy; no wind; balloons released with cord through ring, which method 

mitted observations near the earth. 

Ascent started at 11:06 a. m. on June 24. Ultraviolet record terminated 
11:59 a. m., at an altitude of 29,900 ft (9 km) when the motor stopped, leaving 
the LS filter over photoelectric cell, which furnished observations of ultraviolet 
intensities to 38,000 ft (11.5 km), where noise interfered. A maximum height 
of 60,000 ft (18 km) was attained. 

At the start this unit drifted E, then ENE at 11:10 a. m. and disappeared 
fom sight. Later the signals became stronger, indicating that the instruments 
were again near by (probably drifting in a southerly direction). They were found 
at 5 a. m. the following morning floating over a cornfield at Angier, N. C., a 
distance of some 260 miles (435 km) south of the starting point. 

Poor radio record and a possible radio fade-out was reported by the radio 
section of this Bureau. 

Flight $.—Cd-110 apparatus, for second time, transported by three balloons in 
acluster. Sky was thick and partly covered with fractocumulus clouds. Balloons 
disappeared between clouds at 3,000 ft; were again visible at 5,000 ft and 
disappeared at 6,000 ft. The ultraviolet intensity increased between 6,000 and 
10,000 ft (3 km.), indicating exposure of the photoelectric cell to solar radiation. 
At 12,000 ft the apparatus entered a second cloud layer from which it emerged 
quite rapidly at an elevation of 13,000 ft (4 km). 

This ascent was made on June 30 and the signaling period extended from 11:08 
a.m. to 1:15 p.m., when noise interfered. A maximum altitude of 52,250 ft 
(16 km) was attained at 12:07 p.m. In this flight the motor interfered somewhat 
with the radio signal. 

This apparatus descended, uninjured, during a thunderstorm, near Allentown, 
Pa, and was recovered, motor still running, about 2:30 p.m., soon after the radio 
signal was lost. 

Good radio intensity reported by the radio section. 

Flight 4.—Cd-1 apparatus transported aloft for second time by means of three 
balloons in a cluster. The sky was clear except for a few scattered fractocumulus 
douds. Light W breeze; balloons released by means of ring and cord. No 
drift of apparatus behind ballons. 

Ascent started at 10:42 a.m., on July 2 and continued until 12:34 p. m., when 
ill three balloons burst simultaneously at an altitude of 60,500 ft (18km). During 
the descent the barograph signals were received in rapid succession, indicating a 
tate of fall of 100 mph (miles‘tper hour) at the start to 85 mph in the lower 
atmosphere. The box containing the instruments landed squarely on its bottom 
(under the barograph) in a cornfield near Chestertown, Pa., where it was recovered 
mJuly 15. Aside from breakage of the radio tubes and one glass filter and injury 
‘o the barograph and photoelectric cell, the rest of the apparatus was salvaged 
intact. In order to avoid the possibility of one bursting balloon affecting the 
others (which may have been the cause of the simultaneous bursting of these 
three balloons), in subsequent ascents the balloons were leashed at different heights 
from the apparatus. 

In this flight an excellent graphical record (fig. 4) was obtained, except above 
50,000 ft (15 km), where noise interfered with the recording of the full ultraviolet 

tensity (J,) when no filter intervened. 

The radio section reported more absorption in the radio signal (less ozone). 

is also indicated by higher ultraviolet intensities, figure 9. 

Flight 6.—Cd-110 apparatus used for third time, transported by four balloons, 

, and less highly inflated than in preceding trials in order to attain a 
higher altitude. Sky relatively clear at start. Balloons passed through clouds 
than elevation of about 2,000 ft. Light W breeze. In rising, the balloons drifted 
ry ed ENE, then NE, then possibly S, after reaching an altitude of 8,000 to 10,000 

sails sgnal alternately faded, indicating the apparatus was almost directly 
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Ascent started at 10:37 a. m. on July 7, and the ultraviolet record continued 
until 12:46 p.m. The maximum altitude of 64,000 ft (19.4 km) was attained a 
12:27 p. m., after which an interesting barograph record was obtained of the 
first part of the descent (also ultraviolet, except for noise). 

The radio section observed a large radio fade-out beginning at 1:47 p. m., ang 
lasting 15 min. Unfortunately, our ultraviolet record ceased at 12:46 Pp. m 
Judged from flights 4 and 5 (see fig. 9), the ultraviolet intensity preceding the 
fade-out was lower (in flight 5) than in flight 4. Of the three sets of instruments 
used in the six flights, only this one remains unrecovered. 

Flight 6.—Cd-1 apparatus transported aloft by four staggered balloons, Sky 
overcast, no direct sunlight below 3,000 ft. Strong breeze and windy, but no lag 
of apparatus behind the balloons. 

Ascent started at 10:36 a. m. on July 12, and the ultraviolet record continued 
until 11:12 a. m., at 21,600 ft, when the photoelectric cell ceased to function 
The instruments attained an altitude of 78,000 ft (23.6 km) and landed ip an 
infrequently visited woods near Hollywood, Md. (some 30 miles (50 km) from 
the starting point), where the apparatus was found, uninjured, over a month later 

It was then found, as surmised at the time of the ascent, that the photoelectric 
cell and not the resistors in that part of the circuit had failed. 


V. EVALUATION OF THE ULTRAVIOLET-INTENSITY 
MEASUREMENTS 


Since the spectral-response curves of the photoelectric cells and the 
transmissions of the filters used in this work are similar to those em- 
ployed in our previous investigations, the procedure used in evaluating 
the measurements of ultraviolet solar radiation of wave lengths shorter 
than 3132 A in the stratosphere is the same as that employed in calev- 
lating the data secured with our standard photoelectric intensity 
meter at a ground station [3]. ; 

In these calculations use is made of the spectral response data of the 
photoelectric cell (covered with the diffusing window of Corex A 
glass) for an equal energy spectrum; also the data on the spectral 
transmissions of the glass filters. Furthermore, since, in the strato- 


sphere flights, the angle of incidence of the rays on the photoelectric | 


cell varies with the solar height it is necessary to determine also the 
sensitivity (the response) for different angles of incidence of radiation 
upon the window of the photoelectric cell. Since, as will be shown 
presently, this factor is small, the errors resulting from a change in 
angle of incidence with rotation of the ultraviolet meter around the 
suspension cord as an axis and with the slow (conical pendulum) 
swaying of the apparatus during the flight (the latter is indicated by 
periodic variations in the audio-frequency signals, see fig. 5) seem to 


be outweighed by other larger, also unavoidable, instrumental errors | 


that enter into the measurements. ign 
These errors would be most effective in determining the absolute 
value of the full intensity (J,) at a given height. This is different from 


the determination of the percentage transmission of the filters in which | 
a knowledge of the full intensity J, is unnecessary; the chief require- | 


ment being that there is no marked change in intensity while securing 
the two intensity measurements (filter and no filter, J,, and Jy, re 
spectively). ogigpaae Se 
The rotation of the filters is so rapid that the change in intensity 
on the photoelectric cell with a slow (conical peodulue) an of 
the apparatus, while passing from one filter to an adjoining filter, 


of secondary importance. Hence, the variation in the percentage 
transmission of a filter as a result of swaying of the apparatus container 
would be largest for the filter opposite to the uncovered opening 2 
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the disk and could be detected and corrected by comparing the relative 
iansmissions of two adjoining filters, or the percentage transmissions 
of the two filters adjoining the unobstructed opening (J,) in the disk. 
This is evident in the sequence of rotations A, B, C, D, in figure 5, 
where all the points lie on the average curve (A and (C) or some points 
do not fall on the average curve (in B and D). 

In this survey no corrections of this type are undertaken, partly 
because the ascensions were made in relatively still air, and there was 
practically no swaying of the apparatus, at least while it remained in 
ight, Furthermore, there are no marked indentations in the records 
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Figure 5.—Variation in ultraviolet intensity (audio-frequency signal) with altitudes 
as observed through the three glass filters. 


Data taken from the complete graph, of which figure 4 is a part. 


of ultraviolet intensities caused by shadowing of the radiometer win- 
dow as the result of marked swaying of the apparatus in the strato- 
sphere where the measurements are of the greatest importance. The 
momentary shadowing of the window of the photoelectric cell by the 


} tena (and to a lesser extent, by the suspending threads) during 
q ‘otation of the instrument container produces a sharp indentation in 


the tracing of the stylograph pen (fig. 4). However, the errors result- 
ing from this interruption in the record seem negligible. 


l. STANDARDIZATION OF THE AUDIO-FREQUENCY RESPONSE 


In the operation of the ultraviolet meter, it is important to know 


: the relation between the audio-frequency response and the intensity 


{radiation upon the photoelectric cell. 
It is to be noted that in this instrument a frequency of 40 to 60 


} ‘Yeles (the lowest depression in fig. 4 and the lowest line in fig. 5) is 


eénerated when the photoelectric cell is not illuminated. This 
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“reference frequency” is determined primarily by the values of the 
high resistance (300 megohms) and the small capacitance (0.00002 uf) 
in the control grid circuit of the type 1A6 relaxation oscillator tub, 
(see fig. 2). The sensitivity of the meter is likewise determined by 
these units. ‘ 

Upon exposure of the photoelectric cell to ultraviolet radiation, the 
control grid becomes more and more positive as the radiation is 
increased, resulting in an increased frequency of audio oscillation. 

The proportionality of this increase in audio frequency with increase 
in intensity of ultraviolet radiation was tested by means of a group 
of filters, of known transmission, used in connection with several 
different photoelectric cells and their associated audio-frequency 
generators (stratosphere ultraviolet meters) exposed to a standard 
source of ultraviolet radiation. 

Moreover, since, in practice, the reference frequency usually 
changed perceptibly during flight (see lower curve, fig. 5) as the 
battery voltages decreased, tests were made on other units by vary; 
the plate and filament voltages; also by operating the meter with its 
filters, continuously with the photoelectric cell exposed to a standard 
of ultraviolet radiation, until the batteries failed. 

It was found in all of these tests that the change in audio-frequency 
response was closely proportional to the change in the intensity of the 
radiation upon the photoelectric cell. 


2. STANDARDIZATION OF THE RADIATION SENSITIVITY OF THE 
STRATOSPHERE ULTRAVIOLET METER 


The photoelectric cells now obtainable are not well adapted for 
standardization of their radiation sensitivity in absolute value by 
means of spectroscopically isolated homogeneous radiation of a 
single wave length, say 2967 A, as previously proposed [5]. A more 
convenient procedure is to use filtered ultraviolet radiation from a 
standard source that can be placed in a position to irradiate the 
photoelectric cells as used in practice. 

The spectral range of the ultraviolet radiation to be measured 
extends from about 2900 to 3250 A—that is, from the short wave- 
length limit of the solar spectrum to the long wave-length limit of 
the response of the photoelectric cells used in this research. Hence, 
it is important to obtain calibration factors only for this spectral band. 

By means of a screen of Corex D glass (see table 1, col. 4), which is 
opaque to wave lengths shorter than about 2800 A, the radiation from 
the standard quartz mercury-are lamp [5], effective on the photoelec- 
tric cell, is confined practically to the strong emission lines at 2967, 
3024, and 3132 A. This is-found to be a convenient and reliable 
source for standardizing the radiation sensitivity of the photoelectric 
ultraviolet meter, including the audio-frequency generator, in absolute 
units. However, since the 60-cycle fluctuations in light intensity of 
the new type of alternating-current quartz mercury-arc lamp (having 
Wehnelt electrodes) caused interference in the audio-frequency gen- 
erator circuit, the first described [5] form of direct-current quartz 
mercury-arc lamp was used to standardize the stratosphere ultra- 
violet-intensity meter. This source irradiates the interior of the photo- 
electric cell closely in the same manner as when it is exposed to solar 
radiation. This eliminates small corrections for variation In sensi 
tivity of different parts of the photosensitive surface of the cell. 
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Since the photoelectric cell is selective in its spectral response it is 
necessary to incorporate in the calibration of the ultraviolet meter 
two radiation sensitivity constants, or factors. 

One of these factors, designated factor P, associates the absolute 
spectral intensities of the standard of ultraviolet radiation with the 
relative spectral response of the photoelectric cell and the total 
response of the ultraviolet meter (the audio frequency generated) when 
the cell is exposed to this standard. 

The other factor, G, associates the relative spectral emission of the 
source measured (in this case the sun) with the same relative spectral 
response of the photoelectric cell as used in calculating the factor P. 
The method used in obtaining these two factors is outlined in the two 
following captions: 


(a) DETERMINATION OF FACTOR P 


The procedure used in calculating the factor P, is practically the 
same as previously described [3]. If the standard of radiation [5] has 
been used extensively, the relative spectral intensities of the mercury 
emission lines between 2537 and 3342 A are redetermined by means 
of an achromatic quartz-fluorite spectroradiometer, calibrated for 
spectral transmission [15]. The total intensity of this band of radia- 
tion, at a given distance (say 1 m) from the lamp, is determined by 
means of a balanced thermopile and filters, as previously described 
[15]. From these two sets of measurements the absolute intensity of 
each spectral line is calculated. These data are given in column 2 of 
table1. In this same table, column 4, is given the energy (in uw/cm?) 
transmitted through the Corex D filter used in standardizing the 
photoelectric cells. This procedure is simpler and appears to be more 
reliable than to determine the absolute intensity of each spectral line, 
at a given distance from the lamp, as measured at the exit slit of a 
spectroradiometer [3, 18]. 

In column 5 of the same table, the relative spectral response of 
photoelectric cell Cd-1 for different wave lengths is tabulated. These 
data were obtained by placing the cell (covered with the Corex A 


Taste 1.—Standard mercury lamp calibration of the stratosphere-ultraviolet meter 
used for flight 4 


{Determination of the factor P for evaluating the observed data.] 
On exposure of the stratosphere-ultraviolet meter (Cd-1, flight 4) to the standard of ultraviolet radiation, 
the observed audio-frequency meter scale reading was 895. The factor P is 198.7+895=0.222 for flight 4. 
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diffusing glass window as used in sunlight) at the exit slit of a spectrom. 
eter and comparing the photoelectric responses with those of 
thermopile. Each wave length is diffused over the surface of the cel] 
in much the same manner, so that any effect of unequal surface 
sensitivity should be minimized. 

From the products of the relative responses of the photoelectric 
cell (col. 5 of table 1) and the spectral distribution of energy of the 
quartz mercury-are lamp, radiated through the Corex D glass sereen 
(col. 4) a calculated total response index (198.7) is obtained for the 
photoelectric cell Cd-1 when exposed to the standard of ultraviolet 
radiation (see col. 6, table 1). 
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Ficure 6.—Variation in sensitivity of the photoelectric cell with variation in angle 
of incidence of radiation on the diffusing window 











The photoelectric cell is now placed in the audio-frequency ultra- 
violet meter and, upon exposure to the standard of ultraviolet radia- 
tion, the resulting change in audio frequency is recorded. For ex- 
ample, using cell Cd-1 in the instrument outfit of flight 4, a change of 
895 in the scale reading of the frequency meter was obtained. (It 
is to be noted that in the tables the frequency meter scale reading, 
which is 5 times the actual audio frequency has been used throughout 
for convenience.) The ratio of the two values (198.7+895=0.222) is 
known as the factor P for photoelectric cell Cd-1 in its associated 
ultraviolet meter. This factor, P=0.222, was used in evaluating the 
intensity of ultraviolet radiation of sunlight during flight 4. 

The factor P depends, of course, on the kind of photoelectric cell 
and the constants of the relaxation oscillator circuit. For example, in 
flight 1, using the same photoelectric cell, Cd-1, the numerical value 
of this factor was P=0.191. 

In practice; the latter part of this calibration (namely, the stand- 
ardization of the change in audio frequency upon exposure to the 
standard mercury arc lamp) is made when the apparatus is completely 
assembled and adjusted, shortly before launching. 
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(b) DETERMINATION OF FACTOR G 


In order to determine the factor G used in evaluating the ultra- 
violet solar radiation of wave lengths shorter than 3132 A (relative to 
the total range of wave lengths intercepted by the photoelectric cell), 
a knowledge of the relative spectral intensities in this spectral range 
is required. 

The method used in determining the spectral-energy distribution 
by the photoelectric cell and filter method is described in detail in a 

revious publication [3]. 

Briefly stated, the first requisite is a series of ultraviolet-filter trans- 
missions observed for various solar altitudes (air masses); or, in this 
ease, for various elevations of the ultraviolet meter. These are ob- 
tained from the audio-frequency values observed at any altitude. 
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Ficure 7.—Percentage transmissions of the glass filters used in the stratosphere 
ultraviolet meter 


Data calculated from the curves of observations depicted along the lines A, B, C, D, etc. of figure 6. 








FILTER TRANSMISSION IN PERCENT 





For example, referring to line A, figure 5, at an elevation of 10,000 
feet (3 km) the percentage transmission of the Ba-/ filter is the 
height of the ordinate of Ba-1 above the reference frequency divided 
by the height of the ordinate Jo, similarly above the reference 
frequency. 

In this manner, the percentage transmissions of the three filters are 
calculated for the various flights. The calculations of the transmis- 
sions for flight 4 are depicted in figure 7, from which it may be noted 
that at an elevation of 10,000 ft. (3 km) these filters, when used with 
photoelectric cell Cd-1, had a transmission of 22, 45, and 79 percent, 
respectively. 

In this connection, it is to be emphasized that, using smooth curves 
drawn through the observations, as indicated in figure 5, the calcula- 
ions of two persons, working independently, were in agreement 
within 1 percent. Hence, no attempt was made to calculate each 
observation independently. 
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As may be noted in figure 7, there is but little change in the trang. 
missions of these filters (i. e., the spectral-energy distribution) jp 
ascending from 10,000 to 60,000 ft (3 to 18 km). Hence, within the 
limits of experimental errors, the factor @ is calculated for a single 
spectral-energy curve that best represents the filter measurements aj 
the highest altitudes. The data for this spectral-energy distribution 
are given in column 2 of table 2. 

Referring to table 2, in the calculations involving the spectral 
energy, a wave-length interval of 10 A is used. The wave length 
(col. 1) associated with each band, is at the center of this 10 A interval. 

In column 3, the photoelectric response data are given for cell (4-1 
as read from the smooth curve in figure 3._ In column 4 is tabulated 
the product of the relative solar energy and the relative photoelectric 
response for the different wave-length intervals. The sum of these 

roducts is the total response value for cell Cd-1 when used in sup- 
fight. The ratio of the sum total of the relative energy values for 
wave lengths shorter than 3132 A, to the total response value (79,1 
--58.957=1.34 for photoelectric cell Cd-1) is known as factor G. It 
enters as one term in the calculation, when evaluating the ultraviolet 
radiation in sunlight. When using other photoelectric cells, the 
values of factor G are, of course, different from the one just derived 
for cell Cd-1. 


TABLE 2.—Determination of the factor G for sunlight, using the relative spectral 
intensities which best represent the observed filter transmissions between 50,000 and 


60,000 ft (15 and 18 km) 
[Factor G=79.1+58.957 == 1.34] 
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3. CORRECTION FOR VARIATION OF THE PHOTOELECTRIC 
RESPONSE WITH THE ANGLE OF INCIDENCE OF RADIATION 


In view of the fact that the sun is never directly overhead in this 


latitude and varies in altitude with the time of the day and of the 
year, it is necessary to have a knowledge of the variation of photo- 
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electric response with the angle of incidence of solar radiation upon 
the Corex A diffusing window (fig. 1). 

In figure 6 data are given on this variation of response with varia- 
tion in incidence of radiation, through an angle of 40° from the 
normal, for cells Cd-1 and Cd-4. _In this illustration each curve is 
the average of data taken by rotating the cell in two different planes 
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Figure 8.—Graph showing rate of ascent, solar-angle, and air-mass data used in 
the calculations described in the text for flight 4. 


at right angles to each other and observing the response at intervals 
of 5° in the four directions from the normal position. 

It is to be noted that within an angle of 20° (which includes the 
solar angle during most of the stratosphere flights) the correction is 
relatively small. Nevertheless, a correction is made in the evaluation 
of the data for the slightly reduced response resulting from the angular 
deviation of the incident radiation from normal (see fig. 8) on the cell. 
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Associated with the (angular) change in the height of the sy 
during the measurements is the change in air mass (see the lower 
curve in fig. 8) which occurs as the result of the solar rays comj 
through the atmosphere at varying angles during the different, times 
of the day. This is not to be confused with another change in gir 
mass as the result of increasing altitude of the balloons and apparatus 
which change has an unimportant effect upon the spectral quality of 
the radiation below the ozone layer and is therefore neglected in the 
calculations for total intensities. In order to make the data compar. 
able, they have, in all cases, been reduced to a common air mass for 
Washington, m=1.04. This is approximately the minimum value 
attained when the sun is on the meridian on June 21. 


4. EVALUATION OF THE DATA 


In two preceding sections an outline is given of the procedure for 
determining the factors P and G, which are used in the evaluation of 
the data. These numerical data pertain to a particular ultraviolet 
meter, photoelectric cell (Cd-1) and filters, as used in flight 4. The 
same procedure was used in reducing the data obtained in all the other 
flights. 

In figure 5 all the observations for flight 4 are plotted in terms of 
audiofrequency (which is proportional to the ultraviolet intensity) 
and the altitude of the instrument. In column 2 of table 3 are given 
numerical values of the frequency-meter readings at different altitudes. 


TABLE 3.—Evaluation of the data of flight 4, using photoelectric cell, Cd-1 
{Intensities are reduced to air mass, m=1.04, Washington, with the sun at normal incidence to the 


photoelectric cell.] 
[P=0.222; G=1.34; and PX G=0.2975] 
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| 1 2 3 tet 5 | 6 7 8 
| | 
ee ee ee ee | 
‘ - Col. 2-3 : Col. 
| Altitude | Signal | Reference Col. Air- Solar- Vas? 
| in feet |frequency,|frequency, ces 4xPXG mass angle Pra of 
| +1,000 X5 x5 5 intensity correction correction intensity 
| c/s c/s c/s pw/cm3 pw/em 
0 410 180 230 68 1. 061 0. 823 88 
| 4 | 478 17 305 91 1. 049 . 838 114 
8 | 526 164 362 108 1.041 . 850 132 
12 | 564 154 410 122 1, 035 . 861 147 
16 | 593 148 445 132 1. 029 .871 156 
20 624 142 482 143 1, 023 . 881 166 
24 653 134 519 154 1.019 . 890 176 
28 681 130 551 164 1.015 . 897 185 
32 716 125 591 176 1.012 . 903 197 
36 | 751 121 630 187 1.010 . 909 208 
| 
40 | 793 117 676 201 1. 008 .914 222 
} 44 834 113 721 214 1, 007 . 919 235 
48 890 1ll 779 232 1, 005 . 922 253 
| 52 959 109 850 253 1, 005 - 923 275 
56 1, 047 110 933 278 1. 006 . 922 303 
| 60 | 1,163 110 | 1,083 | 313 | 1.007 . 921 342 
| | 





As noted elsewhere, the vertical lines A, B, C, and D, in figure 5 
indicate the sequence of the frequency-meter readings, in succession, 
as the different filters rotated over the window of the photoelectne 
cell. 
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From these frequency-meter readings is deducted the reference 
frequency (zero of the scale, col. 3) giving the corrected frequency 
(ol. 4). The product of these values and the factors P and G gives 
the intensity of the ultraviolet radiation (col. 5) of wave lengths less 
than 3132 A incident upon the photoelectric cell, at various elevations. 

Since during any flight (for example, flight 4; see fig. 8) there is a 
variation in solar altitude and consequently a change in air mass 
through which the rays reach the earth, a correction is made for 
variation of air mass from m=1.04 (when the sun is on the meridian, 
June 21). These corrections which are given in col. 6 of table 3, are 
small since all the flights were made near the noon hour and near the 
summer solstice. 

Moreover, since during any flight the angle of incidence of the solar 
rays upon the window of the photoelectric cell varies with the altitude 
of the sun (the hour angle from the meridian, as differing from small 
variations, as a result of swaying of the instrument container, which 
require special consideration) a correction (see fig. 8) must be made 
also for variation in sensitivity with angle of incidence (see fig. 6) of 
the solar rays upon the photoelectric cell. These corrections to the 
data obtained in flight 4, are given in column 7 of table 3; and, of 
course, similar corrections are applied to the observations obtained on 
the other flights. 

The variations in the observations (fig. 5) are caused by an irregular 
swinging (circular or elliptical pendulum motion) of the apparatus 
relative to the balloons as a result of irregular air currents during the 
ascent. Hence, referring to figure 6, it can be seen that some of the 
points will be too high while others will be too low. A study of 
figures 5 and 6 indicates that the magnitude of the swing never ex- 
ceeded about 5° from normal, otherwise a larger variation in the 
observations should have resulted. An average curve is, therefore, 
drawn through the data, giving a slight preference to higher values to 
compensate for the obviously defective data caused by the shadowing 
of the photoelectric cell by the suspension cords and antenna at the 
corners of the instrument as it rotates. 

As noted on a preceding page, the instruments hung directly 
beneath the balloons, even in the strongest wind encountered (15 to 
20 mph) and did not lag behind. ‘This is to be expected, since the 
ur stream surrounding the instrument has approximately the same 
velocity as that at the balloons. 

The corrected intensity of ultraviolet solar radiation is obtained as 
the product of columns 5 and 6 divided by column 7. (See col. 8, 
table 3.) In this manner the data for total intensity of radiation of 
wave lengths shorter than 3132 A for the six flights have been reduced 
toa common basis of normal incidence and air mass 1.04, Washing- 
ton. These data are plotted in figure 9. 

Based upon observations made with a receiver of small angular 
opening at Washington and at Flagstaff and upon measurements of 
scattered radiation by Pettit [6] and the authors, an estimated curve 
(dotted curve in fig. 9) for direct sunlight has been plotted basing the 
higher altitude values upon those of flight 5. 

In table 4, meteorological data as observed by the United States 
Weather Bureau are tabulated for 11:00 a. m. on the days on which 
the six flights were made. These data may prove of interest in show- 
38682—38——g 
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Figure 9.—Ultraviolet solar and sky radiation at various altitudes above the 
earth’s surfacc 


ing a possible relation between movements of cold masses of air and 
intensity of ultraviolet radiation as affected by an increase in ozone, 


TaBLE 4.— Meteorological data on the days of the six stratosphere flights as reported 
by U. S. Weather Bureau me ~ 





Radiation 
(g cal/em'/day) Wind 
Temper- 


Date (1937) ature Sunshine | Indicated air mass 
Actual | Normal Direc- | Velocity 
































°F mph 
PO BB biti etds 736 496 78 | NW....- 14 | Clear...... NPC 
(PERE 790 501 80 | WNW.- 7 |...do.......| NPC 
Dilitington nition 322 520 78 | SW...-- 5 | Cloudy.._.| NPC+NPA, 
; yg EES | 770 512 73 | WSW 5 | Clear...... NPC 
eee 598 502 86 | NW.... 6 | Cloudy...| TA, possibly NP 
RESET EA ee 660 493 ST 1 IW... 30 Fo c@..cs TA 





VI. DISCUSSION OF THE DATA 


In taking an inventory of the results obtained in this investigation 
of ultraviolet solar intensities in the stratosphere it is to be noted that, 
unfortunately, our observations cease at an elevation of about 19 km, 
above which the information sought promises to be the most interest- 
ing. 

As already noted, the results obtained are too meagre to attempt an 
extensive calculation of the two main factors that reduce the ultra- 
violet intensities of short wave lengths in the directly incident beam. 
These factors are: (a) molecular (Rayleigh) scattering by the air, 
which theoretically should vary inversely as the 4th power of the 
wave length, and (b) selective absorption by ozone, which, b 

at about 3200 A, increases rapidly in absorption with decrease in wave 
length, attaining a maximum in the region of 2500 A [21, 22]. Below 
elevations of about 7,000 ft the intensity of ultraviolet solar radiation 
is further reduced by absorption and scattering by smoke and dust, 
especially in the vicinity of cities. : 

From our measurements at Flagstaff, Ariz. (elevation 7,300 ft, 22 
km) the effect of sky radiation was found to be extremely small; 
averaging about 0.3 percent of the total ultraviolet intercepted 
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an angular opening of 23° [2]. In the present investigation the angular 
opening to the interior of the photoelectric cells was about 68°, from 
which the calculated sky radiation entering this type of radiometer, 
at an elevation of 7,000 to 10,000 ft (2.1 to 3 km) amounts to 3 or 4 
percent of the total. This appears to be negligible in comparison 
with other far greater errors that enter into the present measurements. 

In the relatively narrow band of wave lengths intercepted by the 
photoelectric cell, the selective increase in intensity of ultraviolet solar 
radiation, of the shortest wave lengths relative to the longer wave 
lngths, as the result of Rayleigh scattering at high altitudes, is small 
(11]. Hence, the effect upon the filter transmissions is of a second 
order in determining the spectral quality of the directly incident ultra- 
violet solar radiation. Incidentally, this effect would produce a less 
rapid decrease in the filter transmission (a less rapid decrease in the 
apparent amount of ozone overhead) than the true value. 

ince the spectral range of the response of the photoelectric cell is 
so narrow (less than 250A) but little change in transmission of the 
flters with altitude is to be expected, unless there is a marked change 
in the amount of superimposed ozone. For this reason in future 
ascents a filter that is considerably more opaque to the ultraviolet than 
H, in figure 7, is to be used. 

It is desirable to obtain data on different dates, using the same 
apparatus. In this manner operating conditions will be the same, and 
any marked variations in the observations may be ascribed presum- 
ably to differences in meteorological conditions. 

In this connection, the data on ultraviolet intensities (fig. 9) and 
flter transmissions obtained on flights 2, 3, and 5 are of especial in- 
terest, because they were obtained on widely different dates, using the 
same photoelectric cell, Cd-110, and the same filters. 

The observations obtained on flight 3 are inconsistent in that there 
was a continuous increase in the values of the transmissions of the 
filters with altitude, up to the highest altitudes (16 km) attained. 
Coincidently, there was practically no increase in the total intensity 
(I,) with increase in altitude (fig.9). On this date meteorological con- 
ditions were so unsteady that, until confirmatory data can be ob- 
tained showing that during an ascension the apparatus can drift 
under or into an increasing mass of cold air (see table 4) containing 
alarger mass of ozone [13, 16], this inconsistency is to be ascribed to 
an unexplained temporary defect in the instruments. 

On the other hand, in flight 5, using the same instruments, the 
measurements are consistent with similar data obtained in flight 4 
(using another instrument, see figs. 7 and 9), and they are consistent 
with expectations based upon known physical conditions of the at- 
mosphere, showing a gradual increase in total intensity (J,) and a 
decrease in the transmissions of the filters, with increase in altitude. 

Using the data obtained in flights 4 and 5, it is of interest to obtain 
4 rough estimate of the ozone layer traversed in these two ascents. 
ln order to eliminate the effect of dust and smoke, in the present 
alculations the lowest elevation taken into consideration is 30,000 


| ft (9 km), although, as shown in figure 7, there is but little change 


n the filter transmissions between 10,000 ft (3 km) and this elevation. 

At a height of about 14 km the transmissions of the filters begin 
to decrease, indicating a decrease in ozone. This is in gid agree- 
ment with the results reported by O’Brien [11] and by Mohler [10] 
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who, on two ascensions in manned balloons (in 1934 and 1935) found 
but little ozone below the 15-km level. ; 

For elevations above 14 to 19 km (46,000 to 64,000 ft), where our 
quantitative measurements cease, the two filters, Ba-1 and LS, show 
a gradual decrease in transmission (the high-transmission filter H 
ordinarily varies but little in transmission [3]), indicating a spectrally 
selective increase in intensity in ultraviolet of the shortest hon 
lengths, relative to the longer wave lengths intercepted, as the result 
of an appreciable decrease in the amount of ozone above the 
apparatus. 

This is in good agreement with the results reported by Mobler 
[10], in which the amount of ozone above the exploring balloon 
changed appreciably in rising from a height of 16 to 22 km (53,009 
to 72,000 ft), indicating a decrease of over 20 percent in the super- 
posed ozone. This variation in ozone concentration with height was 
more abrupt than that found by the Regeners [8] and by Goetz 
Dobson, and Meetham [9]. 


1. CALCULATIONS OF THE AMOUNT OF OZONE TRAVERSED 


As already mentioned, in passing through the upper regions of the 
earth’s atmosphere ultraviolet solar radiation is reduced in intensity (a) 
by molecular scattering and (b) by ozone absorption. 

In order to obtain an estimate of the amount of ozone traversed 
it is necessary to eliminate the effect of molecular (Rayleigh) scat. 
tering, which varies as the inverse 4th power of the wave length. 

Data on the reduction in intensity (based upon the optical density 
of 1 atmosphere) at given wave lengths by Rayleigh scattering are 
taken from a paper by O’Brien [11]. To simplify our calculations, 
these data are transformed into transmissions for tenths of atmos- 
pheres and plotted in figure 10. 

From these spectral transmissions and the calculated spectral values 
of solar intensity times the relative response of the photoelectric cell 
(see col. 4, table 2) and the spectral transmission of filter Ba-1 (see 
fig. 3) is calculated the change in transmission of the filter as a function 
of altitude. This change (scattering correction) is given in figure 
11. The difference between the observed filter transmissions and the 
correction for Rayleigh scattering (A—B) gives the change in trans- 
mission associated with the amount of ozone penetrated (curve C, 
fig. 11). 

. order to translate this change in filter transmission into depth 
of the ozone layer penetrated, a knowledge of the spectral transmission 
of ozone is essential. From the published data of Fabry and Buisson 
[21] the spectral transmissions of hundredths of a centimeter of ozone 
(ntp) have been calculated and plotted in figure 10. 

The effect of change in ozone thickness upon the filter (Ba-1) trans- 
mission is calculated in the same manner as outlined above for 
scattering. The spectral values in each of the transmission curves 
for hundredths of a centimeter of ozone are multiplied by the product 
of the photoelectric-cell response and the relative spectral solar 
intensities (see col. 4, table 2). This gives a total calculated response 
value for the photoelectric cell for different thicknesses of ozone 
intervals of 0.01 cm. The maximum of this response corresponds to 
a wave length of approximately.3125 A. Next, a product is ob 
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FicurE 10.—Graphs showing the spectral transmission of the air as affected by 
molecular (Rayleigh) scattering and by ozone absorption. 
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Ficure 11.—Graphs showing the observed transmissions of the filter Ba-1 at various 
altitudes (curve A) and the corrected transmissions (curve C) after correction for 
molecular (Rayleigh) scattering (curve B). 


212 Journal of Research of the National Bureau of Standards ya,» 


for the same factors times the spectral transmission values of the 
Ba-1 filter. This gives calculated total responses for different ozone 
thicknesses when the photoelectric cell is covered with the filter 
with the maximum of the effective band of wave lengths shifted about 
100 A (to approximately 3225 A). Since ozone is more transparent 
in the spectral region near 3225 A than at 3125 A, a change in the 
calculated transmission of this filter results as a function of the change 
in the amount of ozone traversed by the photoelectric cell. This 
relationship is plotted in figure 12. 
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Ficure 12.—Graph showing the calculated depth of the layer of ozone penetrated by 
the stratosphere ultraviolet meter as a function of the transmission of the filter, 
Ba-1, used with photoelectric cell Cd-1. 
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For a change in thickness of about 0.1 cm (ntp) in the layer of 

ozone, this curve approximates a straight line, for which a change in 
filter (Ba-1) transmission of 1 percent corresponds closely to 0.02 
cm change in ozone. Upon qutading of this conversion factor to 
the observed transmissions (after making the correction for scattering) 
the two curves of figure 13 are obtained for flights 4 and 5. These 
give the change in the amount of ozone below the instrument as a 
unction of the altitude attained. From these curves (fig. 13) it 
appears that in ascending to a height of 18 km (60,000 ft) in flight 
4, the apparatus passed conte 0.08 cm of ozone (ntp) and in flight 
5, through 0.04 cm, or a penetration of approximately 30 percent and 
15 percent, respectively, of the ozone present at this latitude at this 
time of the year. For flight 4 this is a decidedly greater penetration 
than previously observed at an elevation of 18 (10, 11]. The 
data obtained in flight 5 are in good agreement with those obtained 
in the manned balloon ascension of 1934 [11]. 1a 

It is to be emphasized that these values are based upon prelimmary 
data and that future measurements with better equipment may modify 
the values obtained. The data are presented mainly for the purpose 
of illustrating a new method of determining the distribution of ozone 
at high altitudes. 
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In connection with the foregoing calculations on the extent of the 
ozone layer penetrated in our balloon ascensions, it is of interest to 
attempt to estimate this value by another method. 

Using the data given in figure 7, of a —— paper [2], which shows 
the change in filter transmission with the seasonal variation in ozone, 
it is deduced that a decrease in ozone amounting to 0.013 cm (ntp) 
produces a change of about 1 percent in the value of the filter trans- 
mission. On this basis, the observed decrease of 4 percent in the filter 
transmission (Ba-1, in fig. 7), in ascending from an altitude of 14 to 
19 km, represents a de- 
crease in Ozone amount- 19 T 
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tus in flight 4 and about JULY 2,1937 
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ios to July [13, 20]. Zz 14 : 
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a definite layer, presuM- Figure 13.—Graphs showing the depth of the ozone 
ably having an apprecia- layer penetrated by the stratosphere ultraviolet 
bly higher concentration meter in flights 4 and 6. 

in the center than at the 

top and the bottom, and situated at a height easily attainable by 
sounding balloons. 

In concluding this discussion it may be noted that the foregoing 
method of reducing the observations may be applied to data obtained 
at land stations in determining the variation of, ozone with time of the 
day or year. Thus it should be possible with a single photoelectric 
cell and filter to follow the ozone cycle through the year and from year 
to year through the sunspot cycle. It is important, however, to use 
number of cells (at least two or three) which are calibrated and inter- 
compared frequently to insure against change in their spectral or total 
photoelectric response. 
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FIRE TESTS OF TREATED AND UNTREATED WOOD 
PARTITIONS 


By Clement R. Brown 





ABSTRACT 


Fire-endurance tests were made of 13 wood partitions 4 ft square and of four 
partitions 10 ft high and 16 ft wide. Some of the smaller partitions were of 
untreated longleaf pine, while the others were made of longleaf pine impregnated 
with various amounts of monoammonium phosphate up to 17 percent by weight. 
They were built either of one, two, or three plies of spin. boards, or of a 1%-in. 
core with %.»-in. veneers, giving a total thickness of 2% in. The large partitions 
were of the latter design and were made of treated birch. The results of the 
tests of the small panels are compared with results of fire-tube and flame-pene- 
tration tests made on specimens representative of each panel. 
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I. INTRODUCTION 


Recent interest in the use of fire-retardant treated wood has revived 
the demand for reliable methods of classifying such material both in 
terms of its resistance to fire and its fire hazard compared to that of 
untreated wood. As a result, several testing methods have been 
studied during the past few years by the Forest Products Laboratory, 
U.S. Department of Agriculture [1]!; by Hartman, Williams, and 
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Bastress [2]; and by the National Bureau of Standards. That pari 
of the Bureau’s investigation dealing principally with the extent to 
which the fire-tube and flame-penetration tests indicate the tendency 
of Sih to spread fire, has been reported in a paper published jn 
1935 [3]. 

The fire resistance of structural elements is usually determined by 
tests of relatively large specimens according to procedures similar to 
that described in ASA Standard A2-1934 [4], which formed the basis 
of the present tests. These tests indicate the performance, under 
specified test conditions, of a given type of construction in terms of 
ability to sustain a load when exposed to fire, to prevent the occur- 
rence of unduly high temperatures on the unexposed side, and to retard 
the passage of flame or hot gases through the construction. Although 
this and similar testing procedures have been occasionally applied to 
floors, partitions, and doors constructed of treated wood [5], the 
tests usually have not been carried to failure of the structure, nor have 
wo permitted direct comparisons between treated and untreated 
wood. 

The present paper gives the results of fire-endurance tests on thirteen 
4-ft-square partitions built of longleaf pine and varying in thickness, 
design, and concentration of treatment, and of four 10- by 16-f 
treated birch partitions. In addition, fire-tube and flame-penetration 
tests were made on specimens from the same lots of material, carefully 
selected and prepared so as to be representative of the particular 
panels. The results of these three types of tests have been compared 
to determine the value and limitations of each test for indicating 
the fire-retarding properties of treated wood. 


II. FIRE-ENDURANCE TESTS 
1. MATERIAL AND TREATMENT 


All of the small partitions, except Nos. 6 and 7 (table 1), were 
constructed of longleaf pine obtained from the Forest Products 
Laboratory of the Department of Agriculture. Panels 6 and 7 were 
built of untreated shortleaf and longleaf pine from our own stock. 
The treated wood was prepared by the Forest Products Laboratory, 
using monoammonium phosphate under pressure, with kiln drying 
after treatment. 

The four large partitions were constructed of fire-retardant treated 
birch by a commercial woodworking and treating concern, the treat- 
ment being applied under pressure, followed by kiln drying. The 
actual concentration of treatment, although unknown, is believed to 
be relatively high. 

2. CONSTRUCTION 


(a) SMALL PANELS 


The small fire-test panels were all approximately 4 ft square. 
Panels 1 to 10, inclusive, were constructed in our own shop, using 
%-in. boards, 60 in. long, and from 2% to 6 in. wide. The amount of 
treatment being known for each board, they were carefully selec 
and distributed in each panel so as to obtain about the same average 
amount of treatment throughout the panel. As noted in table 1, all 
of the boards in the first 10 panels were vertical, except the core 
boards of panel 3. The boards were planed to % in. thickness, jointed, 
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and grooved. The }%- by %-in. splines fitted tightly into the grooves 
and no glue was used in the joints or between the plies. The plies 
were fastened together with several rows of nails on each side, and 
batten strips were nailed across the side unexposed to fire. 

Figure 1 indicates the construction of panels 2 and 3. Chromel- 
alumel thermocouples (23 and 26 gage) were placed between the plies 
of the two- and three-ply panels, one couple in each of two opposite 
comers 12 in. from the adjacent sides, and one at the center of each 
panel, as shown in figure 1. 
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Figure 1.—Construction of panels 2 and 8. 


Panels 11, 12, and 13 were constructed, as shown in figure 2, by a 
commercial woodworking concern according to our specifications, 
from the same lots of material used in panels 8,9, and 10. ll joints 
were glued, the veneer pieces being glued to the core under pressure. 
No thermocouples were placed in the interior of these three panels. 


(b) LARGE PANELS 


The large panels were built by a commercial concern from wood 
treated in its own plant. The panels were 10 ft high and 16 ft long 
and were constructed in sections, each from 2 ft 6 in. to 3 ft 2 in. 
wide. They were tongued and grooved on the edges so as to form 
moke-tight joints when erected for the fire test. Figure 3 shows the 
construction of a section of panel A, which is typical for the large 
panels, The crossbanding of these panels corresponds structurally to 
the veneers in panels 11, 12, and 13. ll joints in the core were 
tongued and grooved and were glued together under pressure. The 
cossbands were about 6 or 7 in. wide and were glued to the core 
under pressure. The thicknesses of core and crossbanding used in 
} ‘te different panels were varied slightly in order to obtain the desired 
} ‘élation in total thickness of the panel. Table 1 also gives density 
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data for two of the large panels but the moisture content at time of 
test was not definitely known for any of these panels. 

Panels A, B, and C were very similar in construction, but in pang 
D, a flush-type door was substituted for one of the sections, This 
door, 2% in. thick, was similar in construction to the rest of the panel 
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Figure 2.—Construction of panels 11, 12, and 13. 














and hung to open toward the side to be exposed to fire. The edges 
of the door were beveled and the beveled door jambs were tongued 02 
the back so as to fit into corresponding grooves in the adjacent panel 
sections. The clearance around the door on the exposed side vari 
from 0 to 0.05 in. and between door and stop on the unexposed side, 
from 0 to 0.09 in. The door fittings were of bronze and the hinge 
pins projected on the side of the panel to be exposed to fire. 
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3. FIRE TESTS AND RESULTS 
(a) MOUNTING OF PANELS 


The small panels were mounted in a 50-in.-square concrete frame 
which was placed in front of the Bureau’s small gas-fired wall furnace 
[6], the spaces between the panel and frame being filled in with as. 
bestos, fire clay, and narrow strips of treated wood, where necessary, 


‘aiken 8 
r 


i” RAILS, 24" x 221" 














i" CORE PIECES, 24° x 18" 

Wa" sTILES, 2+ x 10-0" 

i" CROSSBAND VENEER 

0.01“ UNTREATED WALNUT VENEER 


ie Dear 



































TT | J 
ol Y/N ////£\\\ VAM\S 
: TASAIZE SG 
‘3 | US VA x\ igi 
2 b—2.1"— WY LL LA H 
DETAIL AT JOINT BETWEEN SECTIONS 
PANEL 
e \« . 
rt \°8)) 5 MOLDING 
pe o 
SHOE 
“ei? (pa 
° T ANGLE 
+ Om 
‘ao! vb’ n¢ | gle ‘g: ‘BID $7," 
ELEVATION “pie Nata Par Sy sCONCRETE 
it-—3,— FRAME 








a 


MARGINAL FRAME FOR PANELS C AND D 
——— 
Figure 3.—Construction of large panels. 


The panels were fastened to angles attached to the frame. Pieces 
of wood, % by 1% in., were nailed along the sides of the first 10 panels 
and all around the edges of panels 11, 12, and 13, in order to makes 
reasonably tight joint between panel and frame. 

The four large panels were erected in sections in a large steel and 
concrete frame having an inside opening of 10 ft 1 in. by 16 ft, 
Panels A and B were held in place by means of 2- by 2}-1n. marginal 
strips of treated birch, which were fastened to the concrete frame 
with angles and expansion bolts. The special marginal frame shown 
in figure 3 was used for panels C and D. ll openings between the 
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Figure 7.—Unezxposed side of panel B after fire exposur: 
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Brown) 


panel and the frame were filled with asbestos cement. The joints 
petween the sections of all panels were covered with 1- by 3%-in. 
batten strips, also of treated birch. 


(b) METHOD OF TESTING 


The tests were conducted in accordance with the specifications for 
fre tests of building construction and materials of the American 
standards Association [4]. ‘Temperatures in the furnace were meas- 
wed with 18-gage chromel-alumel thermocouples, six being used in 
the small furnace and nine in the large furnace. Except for the test 
of panel B, the furnace exposure was controlled so as to give indicated 
fumace temperatures approaching as nearly as possible those given 
by the reference time-temperature curve. In the case of panel B, 
the average furnace temperature followed the reference curve for the 
frst half hour and was then increased more rapidly in an attempt 
ip obtain an average exposure of 1,700°F for the last half hour. 

Temperatures on the unexposed surface of the small panels were 
measured with five fine-wire chromel-alumel thermocouples placed 
mder 6- in.-square felted-asbestos pads 0.4 in. thick. One couple 
was located at the center and one in each of the four corners, 12 in. 
fom the edges of the panel. Thermometers were placed under 
three of the pads. As already mentioned, fine-wire thermocouples 
were placed between the plies of panels 2 to 6 and 8 to 10, inclusive. 

Nine fine-wire chromel-alumel thermocouples were placed under 
pads on the unexposed surface of the large panels, but no couples 
were placed between the plies. The surface thermocouples were 
located at or close to the intersection of the lines dividing the panel 
surface vertically and horizontally into quarters. Thermometers 
were placed under three of the pads on these panels also. 

Deflection measurements relative to stationary vertical wires 
were taken on the large panels at points close to the thermocouple 
pads. Figure 4 shows panel B in place in front of the furnace before 
test. 

In conducting the test the criterion of failure was taken as any one 
of the following: An average temperature rise of 139°C (250°F) 
above the initial, as shown by the surface thermocouples; a maximum 
temperature rise of 181°C (325°F) above the initial at any one ther- 
mocouple location; or the appearance of flame on the unexposed 
uurface. The test was discontinued shortly after any one of the 
above endpoints was reached. 

All of the tests were fire-endurance tests except that on panel D, 
which was a fire test for % hr, immediately after which the panel 
was removed and a hose stream applied to the exposed surface for 
24 minutes. 

(c) OBSERVATIONS AND RESULTS 


1. Small Panels.—The temperature records for 6 of the 17 fire tests 
ire given in figures 5 and 6. F max, F avg, and F min denote the 
ime-temperature curves for the furnace maximum, average, and 
mnimum, respectively. The control of the furnace was based on 
the curve marked “Reference Curve.” Maximum and average 
‘emperatures indicated by the surface thermocouples are denoted 
y (max and C avg, respectively, while 7’ denotes the surface tem- 
38682—38——-9 
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peratures, as indicated by the thermometers, and R indicates the 
room temperature during test. For the two-ply panels, the curyes 
marked 1 are the average temperatures indicated by the fine-wire 
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Figure 5.—Temperature records for fire tests of panels 8, 9, 10, and 11. 


couples between the plies, while for the three-ply panels the ag 
marked 1 refer to the interior location nearest the exposed side, al 
those marked 2, the location closest to the unexposed side. f 
The principal results of the tests are given in table 1. The bene 
of panels 1 to 10, inclusive, was very similar except for the jm 
and character of flaming. The exposed surface was charred and beg 
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checking within the first 2 min, and the joints in the ply nearest the 
fre began opening at from 9 to 18 min. Short pieces of the boards 
of this ply began falling off the panel at from 21 to 25 min, and most 
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Figure 6.—Temperature records for fire tests of panels A and B. 


of this ply had fallen off within the next 5 or 6 min. This was fol- 
owed by warping and opening of joints in the adjacent ply. In the 
case of the three-ply panels, 3 and 5, the core boards began falling off 
at 34 and 36 min, respectively. The time at which the joints in the 
tnexposed ply had opened sufficiently to permit light from the fur- 
mace to be seen is given in table 1. 
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For the untreated panels, periods of vigorous, active flaming alter. 
nated with periods of subdued flaming during fire exposure. The 
flaming during the exposure of the moderately treated panels, 1 to 5 
inclusive, was sometimes similar to that for the untreated panels, but 
less intense. At other times the flames were of the short, greenish. 
blue variety characteristic of wood treated with monoammonium 
phosphate. The latter type of flames predominated entirely in the 
tests of panels 8 and 9, and it was sometimes difficult to maintain 
good combustion in the furnace. 

The untreated panels 6, 7, and 10 continued flaming actively after 
the test and were almost entirely consumed in about 15 min more, 
The single-ply treated panel 1 failed in less than 10 min and ceased 
glowing and flaming shortly after the gas was shut off, all boards 
remaining in place. The other moderately treated panels, 2 to § 
inclusive, continued to burn for as much as an hour after the test, 
but the flames were less active than in the case of the untreated wood. 
The slight amount of glowing and flaming of panels 8 and 9 after 
fire exposure was confined mostly to such spaces as those in back of 
battens. The destruction of these panels was very slow and incom- 
plete, and some boards were only partially charred on the side not 
exposed to fire. 

In tests of panels 11, 12, and 18, the joints in the veneer on the 
unexposed side began opening at about 40 min and flame had come 
through the panel before much of the core had fallen. While very 
little flaming was noted during the test of the well-treated panels, 11 
and 12, a surprisingly large amount of active flaming occurred after 
fire exposure of these panels and they were destroyed rather quickly. 
This may have been caused by the presence of the relatively thn 
veneer, although it was well treated. 

2. Large Panels.—In the tests of panels A, B, C, and D the thin 
untreated veneer on the exposed surface burned off within 2 min and 
the treated crossbanding began falling off shortly afterwards. This 
was followed by checking in the battens and core as the latter was 
exposed, this checking occurring in 1- or 2-in. squares. As charring 
proceeded, layers of charred material fell off the battens and core, 
and although small pieces of the core were continually falling off, the 
treated crossbanding on the unexposed side was not exposed to fire 
until from 47 to 63 min after the start of the test. The combustion 
conditions during the first part of the test of panel A were poor; 
apparently because of the introduction of an excess amount of gas 
fuel. There was very little flaming from the panel and most of it 
was in the central and lower portions. In the tests of the other large 
panels, more flaming of the exposed side was noted. 

During the first half-hour, small quantities of a dense, white smoke 
were occasionally noted coming from under the battens and marginal 
pieces on the unexposed side. After this period, very little smoke 
was noted until failure was imminent. Shiny spots having an oily 
appearance began to show on the unexposed surface after 35 min. 
Warping of this surface and apparent buckling of the panel were first 
noted at about 45 min. Failure by flame penetration was preceded 
by the appearance of a blister on the unexposed surface, which soon 
turned black and then cracked, glow or flame appearing a few minutes 
later. In the case of panel A, glow appeared on the surface at 62 
min, and as a cotton pad in contact with the glowing surface was 
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ignited, this time was taken as failure, although flame did not appear 
until several minutes later. 

The deflection of the large panels was relatively small, varying from 

in. towards the fire to % in. away from the fire for all the panels. 

Intermittent flaming at various points on the unexposed surface 
continued for about 10 or 12 min after fire exposure of panels A, B, 
and C, although glow and short flames were noted in the interior and 
behind battens and marginal pieces for several hours. Disintegra- 
tion of the core and crossbanding proceeded rapidly during this 
period, undoubtedly being aided by heat rising from burning debris 
in the furnace pit and also radiation from the back wall of the furnace. 
After cooling, approximately two-thirds of the unexposed surface of 
panel A, and about one-third of this surface of panels B and C, were 
still in place. Figure 7 shows panel B after the fire test. 

During the fire exposure of panel D, smoke was seen to be issuing 
in small quantities from several points along the edges of the door 
within the first few minutes, and again at 12 min, when the air pres- 
sure in the furnace was momentarily increased above normal. After 
22 min, smoke began coming from the top edge of the door in regular 
puffs and increased in volume until the end of the test. The maxi- 
mum clearance on this edge increased from \ in. at 19 min to nearly % 
in. at 26 min. Immediately after shutting off the gas, the panel was 
removed and the hose stream applied to the exposed side for 2.4 min. 
Water came over the top of the door and ran down the unexposed side 
before the end of the hose-stream application, and the force of the 
stream caused some loose pieces of charred core and nearly all battens 
on the exposed side to fall off, but the stream did not penetrate the 
core. Figure 8 shows the exposed side of this panel after the fire- 
endurance and hose-stream test. 

When this panel was dismantled, it was found that the screws 
holding the door hinges were all loose, and the door was pulled out of 
place without much difficulty. Charring had extended to the unex- 
posed side along a portion of the top edge of the door and also on the 
inside edge from the upper hinge to the top. The door jambs and 
stops were also charred to the greatest extent on those surfaces adja- 
cent to hardware. For the most part, the depth of char in the central 
portions of the door, as well as each panel section, was less than half 
the thickness of the panel. 








(d) DISCUSSION OF RESULTS 


The principal quantitative result obtained in the fire-endurance 
test is the fire-endurance period, as measured by the time of failure. 
The small panels differed chiefly in thickness, amount of treatment, 
and type of construction. Figure 9 (upper half) shows the relation 
between the time of failure and thickness for panels 1, 2, and 5, which 
are comparable in construction and concentration of treatment. 

relation is practically linear, differing in this respect from the 
havior found for incombustible walls and partitions, the fire endur- 
ance of which increases approximately with the square of the thickness. 
From the lower half of figure 9 it is evident that concentration of 
treatment has very little (if any) effect on the time of failure in this 
particular type of test, at least in the range from 0 to 16 percent. 
, the untreated core and crossband panel 13 developed nearly the 
same fire endurance as the average for the heavily treated panels 11 
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and 12 of similar construction. This may not necessarily hold for 
other species of wood or other treatments. On the other hand, the 
type of construction is an important factor. Table 1 shows that the 
performance of the core and crossband panels 11, 12, and 13 was much 
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CONCENTRATION OF TREATMENT, PERCENT 
Fiaure 9.—Influence of thickness of panel and concentration of treatment on time 
of failure, in fire tests of partitions. 


Data in upper half are from tests of panels 1, 2,and5. Data in lower half are from tests of panels 2, 4, 6, 8, 9, 
and 10. 


better than that of the ply panels 3 and 5, even though the latter had 
slightly greater thickness. ‘| 

The large panels differed too little to permit a study of such factors 
as thickness and type of construction. They were similar in construc- 
tion and thickness to small panels 11, 12, and 13, and although they 
differed from the latter in wood species and treatment details, there 
was very little difference between the results of the tests of these 
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Figure 8. osed side of panel D after fire exposure and hose-stream application 
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large and small panels. Considering also the relatively small deflec- 
tions of the large panels, it appears that size of specimen in the range 
included does not greatly affect the fire endurance of wood partitions 
of the given type of construction. This point might be definitely 
decided by tests of panels of identical materials and construction. 

The standard fire-test specification [4] states that assemblies which 
burn freely during fire exposure or continue flaming after the furnace 
is shut off shall be termed “combustible.” Of the 13 small panels 
tested, the untreated and moderately treated panels can be said to 
have burned freely, at least at times, during fire exposure. While 
some flaming was observed during the fire tests of panels 8, 9, 11, and 
12, it was not the active flaming characteristic of untreated wood and 
therefore these might be classed as not “burning freely.” The large 
partitions behaved similarly to the latter during fire exposure. All 
partitions, however, continued flaming after fire exposure, although 
in varying extent, depending upon concentration of treatment. In 
view of the latter fact, it appears that all of the 17 panels tested 
would be classed as “combustible” under the standard fire-test 
specification. , 

The standard fire-endurance test [4] used in the present work is 
based on the application of temperatures on one side of the partition 
which increase with time according to a prescribed schedule. In the 
case of a partition made up entirely of incombustible materials, all of 
the heat required to maintain these temperatures is necessarily sup- 
plied by the gas or other fuel used in the furnace. In the case of 
partitions built wholly or in part of combustible materials, however, 
some heat is supplied by the combustion of these materials. Con- 
sequently, in maintaining the same exposure temperatures, the amount 
of furnace fuel is reduced to compensate for this amount of heat 
supplied to the furnace by the burning of the partition itself. It is 
to be noted that, insofar as the latter forms a significant portion of 
the total exposure, the tests of partly or wholly combustible partitions 
differ from the tests of entirely incombustible partitions. Also under 
this test procedure the exposure given the combustible type of par- 
tition is less severe relative to that given the incombustible partition 
than it would be if the test required a definite amount of furnace fuel 
to be burned in a given time rather than the maintenance of a certain 
time-temperature relationship. 

In the present tests, failure of both treated and untreated wood 
partitions was obtained in approximately equal periods of time, but 
probably with the supply of greater amounts of gas fuel in the tests 
of the treated wood partitions. Again, the amount of fuel used in a 
number of comparable tests of incombustible partition constructions 
was definitely greater than in the tests of treated wood partitions in 
the present series. In evaluating the performance to be expected 
tom partitions such as these in an actual fire, the relative amounts 
of fuel supplied to maintain the same temperature rise within the 
furnace may be significant. 

Whether or not these considerations are of importance in the 
Present tests, attention is called to them as a precaution in the appli- 
cation of the results of fire-endurance tests of combustible or partly 
combustible partitions. In the design of buildings, the fire-resistance 
ratings of the different members are determined by the expected 
severity of fires that can occur in the given location. Hence, in 
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estimating such fire severities, account should be taken of any combyg. 
tible content of the partition selected as a barrier to fire, as well ag the 
amount of combustibles within the building, such as furniture an¢ 
other contents, and in other building members. 


III. SUPPLEMENTARY TESTS AND RESULTS 
1. SPECIMENS 


For each of the small panels tested, three specimens for the flame. 
penetration test and five or six specimens for the fire-tube test were 
prepared from the material remaining after construction of the panel 
Several fire-tube specimens representative of the treated birch used 
in the large panels were also obtained at the time of construction of 
the latter. ‘The specimens for the flame-penetration test were about 
10 in. square and of the same thickness and type of construction as 
the corresponding panel, being made from the ends of boards and 
splines cut off during the construction of the latter. The specimens 
for panels 11, 12, and 13 were made at the plant where the panels 
were constructed. 

In the case of the small panels, the fire-tube specimens were ¥ by 
¥% in. and from 42 to 48 in. in length and were cut from unused boards, 
spline material, pieces ripped from end boards, rails, etc., of the 
material selected for the particular panel. For the large panels, 
some of the fire-tube specimens were selected at random by the manv- 
facturer from his supply of treated birch and others were selected from 
boards to be used in the construction of certain parts of panel D. 


TABLE 2.—Descriptive data for supplementary test specimens 
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Moisture samples representative of the respective panels were 
selected from unused material at the time of construction of the sm 
panels. These also served as moisture samples for the correspon 


flame-penetration specimens. For the fire-tube specimens the mois- 
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ture samples were taken from the pieces cut off the ends of the sticks 
when cutting to length at the time of test. These were weighed 
immediately, dried at 105° C for 24 hr, and then reweighed. All 
specimens and samples were stored with the panels so as to be sub- 
jected to the same atmospheric conditions, and the material had been 
stored in buildings long enough to have reached moisture equilibrium. 
The principal descriptive data for the supplementary specimens are 
given in table 2. 
2. FIRE-TUBE TESTS 


The fire tube, developed by the Forest Products Laboratory, U. S. 
Department of Agriculture, consists of a sheet-metal tube about 50 in. 
long, which is suspended from one arm ot a balance beam (fig. 10). 
The lower end of the tube is enlarged and has screened sides and a 
solid bottom. Adjustable weights are placed on the other end of the 
beam to counterbalance the weight of the tube and specimen before 
test. A pointer attached to the center of the beam indicates the loss 
in weight on an adjustable scale during the test. Temperatures are 
measured at the top of the tube by means of a 14-gage chromel- 
alumel thermocouple. A slot in the lower end of the tube permits the 
insertion of a low form of bunsen burner. The flame of this burner 
with its tall indistinct inner cone is adjusted to give a temperature of 
180° C at the top of the tube. 

In conducting a test, the beam weights and scale are adjusted so 
that the pointer indicates 0-percent loss with the specimen in place 
and 100-percent loss when the tube is empty. After a preliminary 
heating of the tube, the specimen, % by % by 40 in., previously condi- 
tioned and weighed, is suspended centrally inthe tube. The bunsen 
burner is then inserted about 1 in. below the lower end of the speci- 
men and readings of temperature and loss in weight are taken at 
frequent intervals. ‘The burner is removed at the end of 4 min and 
the readings are continued until 2 min after all flaming has ceased. 
Subsequently, the temperature and weight-loss data are plotted 
against time, from which derived results, such as the area under the 
time-temperature curve, are obtained. 


TABLE 3.— Average results of fire-tube tests 





















































Temperature Total weight loss | 

ee “ities Maximum rate 

: Dura- al 

Specimens for | Treat- Area | tion of Percentage Actual of weight loss 

panel ment under | fiam- 

Max | tempera-| ing! ae ea a a 
are Range Avg Avg Min | Max} Avg 
Percent °C {PC—min| min Percent | Percent g g/min |g/min|g/min 
oo 8.2 708 1, 055 4.3 49 to 65 59 68.6 | 24.7 | 28.5 26. 7 
: 8.4 387 465 4.2 27 to 67 44 45. 2 8.9 | 26.6 16. 1 
ve 8. 0 390 335 4.4 24 to 62 40 42.7 9.0 | 20.3 14.0 
7.0] 460 504 4.3] 28 to 69 49 56.2] 9.8] 28.7] 19.4 
8.4] 306 292} 43] 29 to69 38 42.8] 9.9] 20.7] 13.2 
0 724 1,816 £0 SNe Se 83 91.5 | 28.3 | 30.5] 29.4 
rpg 0 743 1, 680 OO 4282. he 83 91.4 | 31.0 | 32.9 31.9 
ea 15.8 183 (?) 4.0 14 to 28 19 23. 4 6.3 | 11.1 7.5 
wee 16.0 174 (2) 4.0 14 to 23 18 22.8] 54] 9.7 ne 
a. 0 731 1, 697 4.9 82 to 84 83 95.4 | 27.4 | 35.5] 31.8 
fn | 16, 2 17 (2) 4.0 14 to 23 19 22.0; 47] 84) 7.0 
Ape | 15,2 180 (2) 4.0 13 to 28 18 21.8) 4.7] 10.6] 7.0 
Fie ar ‘eke 707} 1,888} 5.5] 82to85 84 105.1 | 29.7 | 36.8 | 32.6 
Dov |--- 8 ERO O OT 4.0} 11to018 14 20.6] 44] 84] 62 
Ss tame hag | 192 13 4.0 21 to 33 | 26 30. 4 7.9 | 15.5 10. 6 





1 ; iat 
Includes time of burner application. 2 Some specimens exceeded 180° C, but not all. 
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The results of the fire-tube tests are given in table 3. Average 
minimum, and maximum values are given for the total weight loss 
in grams and the maximum rate of weight loss in grams per minute 
while only averages are given for other figures although similar varia. 
tions were also obtained in the latter results. The “maximum tem. 
perature” is the average of maximums recorded in individual test 
and the area under the temperature curve, measured above the 189° 
Cline, is given in “° C-min” units. The actual weight loss was 
calculated from the original weight of the specimen and the logs jn 
weight (in percent) indicated by the pointer at the end of the 
test. The maximum rate of weight loss was calculated on the basis 
of the greatest loss in weight for a single minute occurring during 
the test. 

Because of the nature of the specimen used, the concentration of 
treatment is the only factor studied in the fire-endurance tests which 
could possibly affect the results of the fire-tube tests. The relations 
between some of the results obtained in the fire-tube test, and the 
concentration of treatment for the specimens tested, are given in 
figure 11. The data for panel 1 have been omitted from figure 11 
since they represented specimens from only a single board. The 
dashed portions of the curves have been drawn to correspond in 
general shape to that established by other tests [1, 3] since the present 
data are insufficient in the region of low concentration of salt. Similar 
relations hold between the concentration of treatment and other 
results obtained in the fire-tube tests, thus showing the distinct 
effect of treatment, particularly above 8 percent. The results are 
more consistent at higher concentrations, and it is significant that 
none of the specimens in the latter class continued flaming after burner 
removal. 

3. FLAME-PENETRATION TESTS 


In the flame-penetration test the specimen is supported in a hor- 
zontal position so that its center is 3 in. above the tip of a -in. tirril 
burner. For the specimens representative of panels 1 to 7, inclusive, 
the rate of gas flow was adjusted so that the burner was producing 
about 2,800 Btu/hr, and for the remaining tests this rate was in- 
creased to 3,000 Btu/hr, but the difference is not considered significant 
as far as the results are concerned. Having adjusted the gas flow, 
the burner flame was adjusted by starting with a tall inner cone and 
increasing the air supply until the inner cone has just reached a min- 
imum. With the gas used in this laboratory, a flame having an 
outer cone of about 7 in. and an inner cone of nearly 2 in. is obtained 
by the above procedure. A thermocouple is located at the center o! 
the top surface of the specimen and temperature readings are taken 
at frequent intervals. Other data taken include time for light to 
come through any crack, time of flame penetration, time of ignition 
on the top surface, duration of flaming, and loss‘in weight. If ignition 
does not occur within 5 min after flame penetration, the burner 
then removed. 

The average results of these tests are given in table 4. The rate 
of weight loss is found by dividing the total loss in weight by the sum 
of the time of burner application, plus the duration of flaming after 
burner removal. In order to place the weight-loss results on & com 
parable basis, the loss in weight in percent has been calculated for 4 
specimen 10 in. square having the same loss in grams as the act 
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specimen. The resulting figure is termed the nominal loss and is thus 
corrected for departures in dimensions from the nominal size of 10 in. 
square. : ne 

The flame-penetration specimens were varied in the same respects 
as the panels, that is, in thickness, concentration of treatment, and 
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Figure 11.—IJnfluence of concentration of treatment on maximum temperature, weight 
loss, and maximum rate of weight loss, in fire-tube tests. 
Data from tests of panel 1 have been omitted. 


type of construction. Referring to figure 12, it is seen that all of the 
results based on time (upper half) and the loss in weight figures 
(lower half) increase rapidly as thickness of the specimen increases, 
for panels 1, 2, and 5, which are comparable in amount of treatment 
and construction. Apparently, however, the rate of weight loss of 
these built-up specimens is affected very little, if at all, by thickness 
(see table 4). The time to flame penetration (see fig. 13), and other 
lime data as well, do not appear to be greater for moderately treated 
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TaBLE 4.—Average results of flame-penetration tests 
ar Time Time of flame Du- : | : : 
Speci- of penetration or | ra- om | i Rate of weight 
mens |Thick-)Treat-| light ignition | tion 7 | OSs 
for : ness | ment |through + of oat ait She -__ 
pane speci- =F © am- mie Ac- | Nom- A 
men | Min | Max AVE | ing C | tual inal | Min | Max| Avg 
Per- ‘ Per-| g/ g | gi 
in. cent min | min | min | min | min | min | min g cent | min | min | min 
kee. 34 8.2 12.7 | 16.2] 18.0 | 17.2] 0.3 | 11.0 | 15.1 | 86.0 | 11.8) 3.581415) g@ 
, eee 1%) 82 35.0 | 34.2 | 47.5 | 40.6 | 0.3 | 29.8 | 37.1 {195.7 | 13.7 | 3.40 | 6.29) 49 
Be acnact 244 8.2 95.6 | 95.5 |142.7 |113.7 |1 12.5 | 76.8 | 98.5 |469 21.8 | 3.10 | 3.82] 3.59 
went iv] 7.0] 36.2) 33.7 | 482] 41.8] 0.5 | 31.5 | 38.7 [1623 | 109] 312/424) 36 
cnet 2% 8.5 92.2 | 92.7 {115.3 |101.2 5.1 | 75.7 | 86.1 |371 7.2 | 3.11 | 3.52] 338 
6 feos 1 0 40.7 | 29.0 | 51.9 | 42.8 8.0 | 33.8 | 40.2 |293.3 | 20.5 | 5.22 | 7.31] 5.98 
Fee. %{1 0 801 7.9] 10.0] 90] 10.5] 7.2} 87 (109.6 | 147] 5.5815.70| 569 
Res 14} 15.8 56.2 | 50.5 | 79.0 | 62.3 0.8 | 43.8 | 55.4 |195 12.6 | 2.63 | 3.13 | 299 
_ fate. 1%} 16.2 56.4 | 51.6 | 75.4 | 63.5 1.2 | 44.7 | 57.6 {201 12.4 | 2.58 | 3.26 | 299 
_ eee: 1%; 0 36.3 | 34.5 7.1) 389) 95 7.5 | 33.8 |341 24.3 | 6.37 | 7.541 6.98 
_ SP 2%; 17.0 93.6 | 95.6 {109.1 |100.6 0.4 | 77.2 | 89.0 {310 14.0 | 2.88 | 2.99] 292 
Eis wsntlinalie 2\| 17.2 90.4 | 87.6 | 99.3 | 95.0 0.7 | 77.6 | 86.9 |361 15.8 | 2.93 | 4.15} 3.61 
_ eee | 244! 0 55.6 | 50.4 | 75.5 | 60. 6 6.1 | 48.4 | 55.0 |422 20.9 | 5.02 | 8.54] 6.4 














1 One specimen continued flaming in interior for 34.8 min. 





FLAME PENETRATION 
TESTS 


FLAME THROUG 







@ 
oO — 
| 
| 















* LIGHT THROUG 

200°C REACHED 
> 60} 

z ° 

* 00°C REACHED 
= 

4 

ul 

s 

= 


Nw 
°o 





0 
+ | n 
“ 
5 16 eo 2 
8) |NOMINAL 
x x 
uJ 0 
ci - 
. ACTUAL ”“ 
n ” 
é g 
3 oH 200 
a 
a a 
z lor 
Zz 
= 
> VU 
Oo 
_ 
% 1 2 3 
THICKNESS, INCHES 
in flame- 


Figure 12.—Influence of thickness on time results and weight loss, 
penetration tests. 
Data from tests of panels 1, 2, and 5. 
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Brown] 
specimens than for untreated specimens, but are much greater for the 
well-treated specimens. On the other hand, the rate of weight loss 
decreased more rapidly with increasing amount of treatment in the 
range of low concentration than in the range of high concentration, 
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CONCENTRATION OF TREATMENT, PERCENT 
Figure 13.—Influence of concentration of treatment on time of flame penetration 
and rate of weight loss, in flame-penetration tests. 
Data in upper half from tests of panels 2, 4, 6, 8, 9, and 10. Data in lower half from tests of all panels. 


as seen in the lower half of figure 13. Regarding the effect of type 
of construction, the specimens for panels 11 and 12 did not show 
the increased resistance to flame penetration over those for panels 3 
and 5, to be expected from the increased concentration of treatment 
and type of construction, although the average weight-loss results 
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were lower. This might be attributable to the fact that there was 
always a joint in the core at the center of the specimens for panels 
11 and 12, and hence directly over the burner flame, while such wag 
seldom the case for the 2%-in., three-ply specimens. 


IV. COMPARISON OF RESULTS 


Table 5 gives a summary of the principal results obtained in the 
three types of tests. Since concentration of treatment does not 
appear to be an important factor in the fire resistance of treated-wood 
panels as determined by the standard fire-endurance test, no relations 
can be expected between the time of failure in this test and any of 
the results in the fire-tube test, all of which are directly affected by 
treatment. Hence the fire-tube test cannot serve to predict the fire 
resistance of such panels, but only to indicate qualitatively the 
amount and character of flaming during and after fire exposure, 
The same can be said of the rate of weight loss in the flame-penetration 
test. 

TaBLe 5.—Summary of principal results in three types of tests 
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1 Center ply horizontal. 


The upper half of figure 14 indicates a rather limited relation 
between the time of failure in the fire-endurance test and the time of 
flame penetration in the flame-penetration test. This relation 1s 
limited for two principal reasons: (1) The lack of influence of the 
concentration of chemicals in the wood on fire endurance in contrast 
to its influence on time of flame penetration; and (2) the contra- 
dictory influence of the type of construction on these two results. In 
comparing these two types of test, certain differences in the nature of 
the exposure should be noted. In the fire-endurance test, practically 
the entire surface of one side of a very large specimen is exposed to 
furnace temperatures. The fuel supplied to the furnace is constantly 
adjusted so that the furnace temperatures follow a definite curve. 
The exposure is severe, and any part of the structure having poor 
fire resistance can hardly escape the test and is most likely to be the 
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lace of failure. On the other hand, only a small portion of a small 
sample is subjected to the direct flame of a burner in the flame- 
enetration test. The fuel is supplied at a constant rate, but the 
exposure temperature is influenced by the combustibility of the 
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Figure 14.—Relations between (a) time of flame penetration in flame-penetration 
tests and time of failure in fire tests, and (b) rate of weight loss in flame-penetra- 
tion tests and maximum rate of weight loss in fire-tube tests. 


Data from tests of panel 1 omitted in lower half. 


material being tested. The exposure is not as severe as in the fire 
test, and even with the use of several samples, the poorest parts of 
the structure, such as joints, may not be tested. These differences 
in the two tests may explain the differences in the results. 

Finally, there is apparently a general relation between the maxi- 
mum rate of weight loss obtained in the fire-tube test and the average 
tate of loss obtained in the flame-penetration test, as shown in the 
lower half of figure 14. 
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V. SUMMARY AND CONCLUSIONS 


The principal conclusions to be drawn from the fire tests of parti. 
tions, the flame-penetration, and the fire-tube tests on representative 
specimens of the same materials are: 

1. As measured by the standard fire-endurance test, concentration 
of treatment apparently has little effect on the fire endurance of 
partitions built of longleaf pine treated with monoammonium phos. 
phate, the fire-endurance periods of two-ply panels, 1% in. thick 
ranging from 28 to 35 min, and of 2}-in. core and veneer-type panels, 
from 63 to 72 min, irrespective of treatment. 

2. Design and thickness are both important factors affecting the 
fire resistance. For the 2%- and 2%-in. panels, the fire endurance 
ranged from 40 to 72 min, depending mainly on design. 

3. The results of the tests of three large treated birch panels 
approximately 2% in. thick, ranging from 62 to 64 min in fire endurance 
compared with a range from 63 to 72 min for smaller longleaf-pine 
panels of similar design and thickness, indicate that the effect of size 
of specimen in this range is not very important. 

4. While all of the results of the fire-tube test are definitely related 
to the concentration of treatment, none of them appears to be related 
to the fire endurance of the partitions as determined in fire-endurance 
tests. The fire-tube tests, however, can be taken as indicating the 
tendency of wood to support combustion and spread fire [3]. 

5. The rate of weight loss obtained in the flame-penetration test 
varies with concentration of treatment in about the same manner 
as the corresponding figure in the fire-tube results, but the range is 
relatively smaller. It also has some value in indicating the degree 
of combustibility of wood. 

6. The time results in the flame-penetration test all vary. directly 
with thickness of the specimen. They are affected by concentration 
of treatment when the latter becomes relatively high, and also by 
type of construction, but not in the same way as the time of failure in 
the fire-endurance test. 

7. There is a relation between the time of flame penetration in the 
flame-penetration test and time of failure in the fire-endurance test, 
but only for partitions of the same type of construction and, to some 
extent, for partitions of the same concentration of treatment. Accord- 
ingly, the flame-penetration test has only a limited value as an indica- 
tion of the fire resistance of a wood partition, as determined by fire- 
endurance tests, 


The author’s acknowledgements are made to S. H. Ingberg for 
advice in the planning of the tests, and to N. D. Mitchell, F. M. 
Hoffheins, A. C. Hutton, and C. R. Beahm for aid in conducting the 


fire tests. 
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EVALUATION OF CREASE-RESISTANT FINISHES FOR 
FABRICS 


By Herbert F. Schiefer 


ABSTRACT 


Certain flexural characteristics of representative woven fabrics before and after 
the application of commercial crease-resistant finishes were measured using three 
different methods, namely, the creasing angle, flexometer, and modified compres- 
someter methods. Specimens of paper, Cellophane, cotton, rayon, worsted, and 
rubber, which are recognized to vary in resistance to creasing over a great range, 
were also measured by the three methods and the results used for comparison. 

The crease-resistant finishing treatments increased the energy required to de- 
form the cloth specimens, that is, increased the stiffness of the cloths. This 
increase exceeded 100 percent for some of the cloths. The energy of recovery was 
also increased by these treatments, the increase ranging from 20 to 100 percent. 
Neither of these two quantities can be taken individually as a measure of crease 
resistance. However, the ratio of the latter to the former, here termed “resilience,”’ 
is related to the resistance to creasing. The resilience of nearly all of the cloths, as 
determined by each of the three test methods, was increased by the crease- 
resistant finishing treatments. 

The three test methods described can be used to evaluate the improvement 
given by crease-resistant finishes, using the measurements on the cloths before 
treatment as the basis of comparison. ‘The methods should be valuable in syste- 
matic studies of the effect of different finishing treatments and in determining the 
effects of relative humidity, temperature, and other factors on the different finishes. 
Method 1, however, does not give a critical measure of stiffness, a property that is 
greatly affected by crease-resistant finishes and should be measured. The resili- 
ence as determined by these methods is dependent upon the testing conditions, as 
for example, the magnitude of the maximum load in method 3. It may be found 
necessary in test methods of this type to vary the maximum load with the thickness 
or weight of the fabric to be tested. 
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I. INTRODUCTION 


Most textiles fibers are deficient in natural resilience. Articles made 
from them tend to become wrinkled and to lose their shape and de- 
sired appearance. It has been found possible in recent years to im- 
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prove the resilience of textiles by chemical processing, and{creage. 
resistant fabrics are now available. The “anticrease” process of 
Tootal, Broadhurst, Lee, Ltd., which is being applied in the United 
States as well as in England, was the first to attract attention. |p 
it the fabric is impregnated with a synthetic resin. This development 
in the industry has led to a need for a quantitative method for evaluat. 
ing the improvement of the product and of the resilience of fabrics 
in general. The work reported in this paper was undertaken to de. 
termine the flexural characteristics of woven fabrics before and after 
the application of commercial crease-resistant finishes. The results 
are compared with the flexural characteristics of a series of samples 
which have not had crease-resistant treatments, but which are recog- 
nized to vary in resistance to creasing over a considerable range. 

The flexural characteristics of the samples were measured by three 
different methods. The results are presented and discussed in this 
paper. 

II. MATERIALS AND TEST METHODS 


1. SAMPLES 


Representative woven fabrics ranging from light-weight voile to 
heavy suiting cloth, before and after the application of crease-resistant 
finishing treatments, were furnished for the work by several manufac- 
turers. These fabrics were made from cotton, rayon, and linen. 
Specimens of paper, Cellophane, cotton, rayon, worsted, and rubber, 
having crease resistances varying over a great range, were added to 
the list?of samples for comparison. Specimens of the materials were 
conditioned by exposure for several days in an atmosphere of 65- 
percent relative humidity and a temperature of 70° F, and they were 
tested under these conditions. 


2. CREASING-ANGLE METHOD 


The specimens tested were 2 inches long and % inch wide with the 
long dimension in the warp or in the filling for tests in these respective 
directions. Each specimen was folded by bringing the two ends into 
coincidence, thereby forming a loop at the middle. The two ends were 
held together with a pair of tweezers and the loop of the specimen was 
inserted between two parallel plates and placed under a load of 1.00 
pound. The load was removed at the end of 3 minutes, and the speci- 
men was picked up with the tweezers and suspended freely at the 
middle over a horizontal wire of small diameter, approximately 1 mm. 
At the end of 3 minutes the horizontal distance between the two ends 
was measured and the angle at the vertex, where the specimen was 
folded, was calculated. An angular scale, graduated in degrees, 
placed directly back of the test specimen, is a convenience in readin 
the angle directly. A device of this kind, developed by Barnard, is 
shown in figure 1. Eight specimens can be suspended on it at a time. 
The disk on which the specimens are suspended can be rotated by 
means of a crank to bring any one of the eight specimens into position 
for measurement, that is, to align one edge of the specimen with the 
zero-angle line and the other edge to indicate the magnitude of the 
creasing angle. 

In this test method the ends of the specimens droop an amount 
which depends not only upon the magnitude of the load and the time 
it is applied to the fold, but also upon the weight, thickness, and type 
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RE 1.—Multiple protractor for measuring the creasing angle. 

















FiaurRE 2.—Flexometer* 
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of construction of the cloth. The angular deflections of the ends of 
the various specimens tested vary over a great range because of these 
inherent differences between the cloths. For example, the ends of a 
specimen of a thin sheet of rubber which shows no crease after the 
application of the load, droop more, even before the load is applied 
to the specimen, than the ends of a specimen of an easily creased 
cotton fabric after the application of the load to the fold. To take 
account of this natural drooping of the ends of each specimen, the 
angular deflection was determined both before and after the applica- 
tion of the load to the fold. The ratio of the angle at the vertex of a 
specimen after the load is applied to the fold to the angle before the 
application of the load is here designated the ‘resilience ratio.” 

Various modifications ' of this method for measuring the effect of 
crease-resistant treatments have been reported in the literature. In 
one arrangement the specimen is folded as already described and then 
compressed by a dead weight for several minutes, after which the 
specimen is placed on edge, with the fold in a vertical position, on the 
surface of mercury. The angle of the fold is measured after a speci- 
fied period. The result by this method is influenced by the condition 
of the mercury surface. Also, it is not possible to determine the effect 
of the treatment on the stiffness of the cloth. Since the stiffness is 
greatly affected by the treatments and should be evaluated, the pro- 
cedure of floating the creased specimen on mercury was not used in 
this investigation. 


3. FLEXOMETER METHOD 


Two specimens, each 4 inches long and 1% inches wide with the 
long dimension in the warp or in the filling for tests in these respective 
directions, were mounted in opposite angles formed by the two 
intersecting vertical plates of the flexometer ? shown in figure 2. One 
of these plates is cut along the intersecting axis and each half is 
fastened to the frame of the instrument. The other plate is attached 
to a spindle and can be rotated freely about the axis of intersection 
of the two plates. The top of the spindle carries six calibrated 
cantilever springs mounted radially 60 degrees apart. A hub having 
six spokes, which can be rotated by means of a knob, is located 
above the six springs. By placing a pin in a spoke and rotating the 
hub the spring located directly below the spoke is deflected. The 
deflection of the spring exerts a torque on the spindle and causes the 
plate to rotate. The magnitude of this torque is equal to the torque 
exerted by the pair of test specimens as they resist being folded 
between the two plates. The magnitude of the applied torque is 
ascertained from the deflection of the calibrated cantilever spring. 
Readings were taken at definite angles between the plates, first for 
decreasing and then for increasing angles, according to the procedure 
described in Bureau Research Paper RP555. Successive readings were 
taken as rapidly as possible, the time required for one reading being 
about 15seconds. The energy expended in folding thespecimens through 
a given angle is equal to the product of the average torque and the 

. My —, ih 71 pd fabrics, Am. Dyestuff Reptr. 24, 554-557, 662-664, 645-648, and 665 (1935). 

Society of Dyers and Goloutists Ss “No Tee Nee Te — 

Crease-resistant textiles without resins, Silk and Rayon, ' 

K. Quehl. ‘Staple fibre fabrice: Crease-resivance, Melliand ‘Texsliberichte 18, 241-242 

ance, Mellian extilberichte 18, 2 (1937). 


men eebert F. Schiefer. The flerometer, an instrument for evaluating the flecural properties of cloth and similar 
rials, BS J. Research 10, 647-657 (1933) R P555. 
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change in the angle between the two plates. The total ene 
expended in folding the specimens to a minimum angle between the 
plates was determined, as well as the energy recovered when the 
specimens were allowed to unfold. The minimum angle to be em. 
ployed was calculated from the thickness of the material using the 
equation B=430 h, where £ is the angle in degrees and h is the thickness 
in inches measured with a gage having a circular foot 1 inch in diam. 
eter and exerting a pressure of 1 lb/in’, The ratio of the energy 
recovered to the energy expended is here termed the “flexural regjj. 
ience.”’ 

The work recovered after keeping the specimens folded at the 
minimum angle for 5 minutes, and the work done and recovered in 
refolding and unfolding the specimens after they were allowed to re- 
main unfolded for 5 minutes were also measured. These data did 
not contribute to the evaluation of crease resistance and accordingly 
are not reported here. Apparently, 5 minutes was too short a period 
of time to allow for readjustments in the specimens. 


4. COMPRESSOMETER METHOD 


A very sensitive modified compressometer, illustrated in figure 3, 
was designed and used for measuring the flexural properties of light- 
weight woven fabrics. The instrument has a circular presser foot, 1 
inch in diameter, which is fastened to the top of a helical spring 
through a ball-and-socket connection. The foot may be lowered or 
raised by means of a rack and pinion, thereby increasing or decreasing 
the load which the presser foot exerts upon a specimen placed on an 
anvil beneath it. This load is indicated by the dial indicator which 
registers the elongation of the calibrated helical spring. The vertical 
displacement of the rack is indicated on the scale engraved upon the 
circumference of a disk which is fastened to the axis of the pinion. 
The vertical displacement of the foot is equal to the displacement of 
the rack minus the elongation of the spring. The rack and pinion 
must be uniform, because any irregularities in them produce non- 
uniform vertical displacements and necessitate either engraving a 
nonuniform scale on the disk or applying a correction. 

The specimens tested were 3 inches long and 2 inches wide, with the 
long dimension in the warp or in the filling for tests in these respective 
directions. Two rows of three holes each were punched in each speci- 
men. The holes were spaced 1’ inch apart in the long direction and 
1% inches in the short direction. The specimen was mounted through 
these holes in an accordion fashion consisting of two loops on a special 
support, as illustrated in figure 3. An aluminum plate weighing 0.02 
pound was placed on this specimen. The support and specimen were 
placed underneath the presser foot of the compressometer. The 
height, in inches, of the accordion loops was determined first for 
increasing loads up to 0.60 pound and then for decreasing loads, 
readings being taken at 0.05, .10, .15, .20, .30, .40, and .60 pound. 
Successive readings were taken as rapidly as possible, the time re 
quired for one reading being about 10 seconds. The energy, m imeh- 
pounds, expended during loading and that recovered during unloading 
were calculated, using the expression 0.025 (3a+2b+2c+3d+4et 
6f—20g), where a, 6, c, d, e, f, and g are the heights of the accordion 
loops at the above loads, respectively. The ratio of the energy te 
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FicuRE 3.— Modified compressometer. 
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FicgurE 4.—Specimens having crease resistances varying over eat range. 


Top row. Appearance of specimens before wrinkling. 
Middle row. Appearance of specimens after being compressed and crushed small ball. 
Bottom row. Final appearance of specimens after being straightened out. 
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covered to the energy expended is here termed the ‘‘compressometer 
flexural resilience.” 

The data obtained after allowing the specimen to remain com- 
ressed for 5 minutes at the maximum load of 0.60 pound and after 
allowing it to remain uncompressed for 5 minutes did not contribute 
to the evaluation of crease resistance, agreeing with the flexometer 
method in this respect. However, the time of application of the load 
of deformation may be as important as the magnitude of the load. 
For example, a sample of worsted cloth in which the loops were com- 
pressed continuously for 3 months by a load of only 0.02 pound 
showed more pronounced creases of a more permanent nature, judged 
by visual appearance, than the creases produced by a load of 0.60 

und acting for only 5 minutes. 

A method in which the test specimen is folded in a series of accordion 
loops and compressed by a dead weight has been used by Sommer.’ 
The height of the loops under a small initial load, the height of the 
loops when compressed by a dead weight, and the final height of the 
loops after the weight was removed were used in evaluating a fabric. 
The value obtained decreased nonlinearly with the magnitude of the 
dead weight used. Specific details regarding this method and the 
time of application of the dead weight are not given. 


III. RESULTS AND DISCUSSION 


The results of the tests are given in table 1. 


‘ Tertilprifung auf neuen Wegen. Abstract of a paper delivered at a meeting of the German Engineering 
Society, by Prof. H. Sommer, Director, Fibrous Division, National Institute for Testing Material, Berlin, 
on September 25, 1936. 
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Specimens 1 to 11, inclusive, are a representative group of cotton 
rayon, and linen cloths ranging from light to heavy weight. Measure. 
ments were made on these cloths before and after crease-resistant 
finishing treatments. The results on these cloths indicate the effect of 
the crease-resistant treatment. Specimens 12 to 17 included paper 
Cellophane, cotton, rayon, worsted, and rubber, which have not had 
crease-resistant treatments but which have crease resistances varying 
over a great range, as can be judged from the appearance of these 
specimens in figure 4. They also vary in stiffness over a great range 
The measurements on them serve as a criterion of the relative crease 
resistance of the cloths before and after treatment. The data in 
table 1 serve as a basis in comparing the three test methods used. 

The values reported for each test method in the columns numbered 
(1) are related to the stiffness of the cloths; those in columns numbered 
(2) are related to the energy of recovery; and those in columns num- 
bered (3) are related to the resilience. 

The data in table 1 are plotted in figure 5 to show the over-all 
effect of the crease-resistant treatments and for a comparison of the 
three test methods. The results for method 1 are plotted in the first 
column; those for method 2 are plotted in the second column; and 
those for method 3 are plotted in the last column. The values 
reported in the columns numbered (1) in table 1 are plotted in the top 
row of figure 5; those in columns numbered (2) are plotted in the 
second row; and those in columns numbered (3) are plotted in the 
bottom row. The values for the treated specimens are plotted as 
abscissas and those for the specimens before treatment are plotted as 
ordinates. The 45-degree diagonal is drawn in each plot to indicate 
whether or not the treatment increased or decreased the quantity 
plotted, a point falling below or above the diagonal indicating an 
increase or a decrease, respectively. A point which falls on the 
diagonal indicates that the treatment had no effect on the quantity 
plotted. The data for specimens 12 to 17, which have not had 
crease-resistant treatments, are plotted on the 45-degree diagonal for 
ease of comparison with the results for the specimens before and after 
the crease-resistant treatment. 

With only a few exceptions, the treatments increased the energy 
required to deform the cloth specimens, that is, increased the stiffness 
of the cloths. This increase exceeded 100 percent for some of the 
cloths. Specimen 11, a linen fabric, is an exception. 

Since the stiffness of the cloth is greatly affected by the crease- 
resistant treatments, the evaluation of this characteristic may be very 
important, at least for some of the uses for which these cloths may be 
intended. Method 1 does not give a critical measure of stiffness. 
Many of the specimens which are known to vary greatly in stiffness, 
in particular specimens 12 to 1, inclusive, are not differentiated by 
this method. This is a disadvantage of the method. 

The energy of recovery of each fabric, including the linen specimen 
11, was increased by the crease-resistant treatments. The increase 
ranged between 20 and 100 percent. The percentage increase in the 
energy of recovery of the treated to the untreated specimens of the 
same cloth is no doubt a measure of the improvement resulting from 
the treatment. The magnitude of the angle after creasing, method 1, 
which has been used as a criterion of the resistance to creasing, is not 
necessarily a measure of crease resistance. According to such  ¢tl- 
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terion, specimen 17, which is a thin sheet of rubber and has practically 
no tendency to assume a permanent crease under a load, would be con- 
jdered very poor compared to many of the other specimens which actu- 
ally show & marked crease after the application of a load. For the same 
reason, the magnitude of the energy recovered in method 2 or 3 cannot 
be taken as a criterion of the resistance to creasing of woven fabrics. 
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Figure 5.—Effect of crease-resistant treatments on cloths as measured by three test 
methods. 


Solid points indicate specimens 1 to 11 before and after treatment. Open circles, specimens 12 to 17, are 
plotted on the 45-degree diagonal for ease of comparison and indicate the fabrics having crease resistances 
varying over a great range without a treatment. 


The ratio of the energy of recovery to that expended, designated 
“vesilience,” is related to the resistance to creasing. For example, 
specimens 12, 13, and 14, having low crease resistances, were found 
to have low values of resilience, whereas specimens 16 and 17, having 
high crease resistances, were found to possess high values of resilience. 
Using the resilience of these specimens as a criterion, the specimens 
1 to 11 as a group, are superior to specimens 12, 13, and 14, but in- 
ferior to16 and 17. Although the resilience of nearly all of the fabrics, 
as determined by each of the three test methods, was increased by the 
crease-resistant finishing treatments, as a group these fabrics are in- 
ferior to fabrics made from fibers having high natural resilience. 
These conclusions were also borne out by visual observation of the 
appearance of these specimens after the various tests. The general 
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improvement in resilience imparted by the crease-resistant finish; 
treatments is well established, however, and still greater improvement 
may be expected to result from more extensive researches. | 

A closer examination of the results for resilience given in table } 
indicates that the finishing treatments did not increase the resilience 
of all fabrics. The value for specimen 9 tested in the filling direction 
is a notable exception. The stiffness of this specimen was incregged 
by a very large percentage in the filling direction. The warp and 
filling of this specimen were structurally very different. The increase 
in resilience for the warp and the decrease for the filling are no doubt 
related to the construction of this specimen and this behavior may 
also be expected in other specimens. In fact, the stiffness in the warp 
direction of specimens 4 and 5 was increased by a large percentage 
by the treatment and the resilience determined with the flexometer 
method 2 in the table, was decreased. The increase in resilience 
indicated by methods 1 and 3 for these specimens justified a closer 
examination of the methods, specimens, and results obtained. 

Check tests by the flexometer method indicated that the decrease 
in resilience is real. Check tests by the modified compressometer 
method, although somewhat variable, still indicated a higher resilience 
for the treated specimens. Additional tests were made using differ- 
ent maximum loads. These tests indicated a dependence of the resili- 
ence upon the maximum load, somewhat analogous to the results 
found by Sommer, to which reference was made earlier in this paper. 
Similar tests were made for specimen 2 by the modified compressonm- 
eter method. The results, given in table 2, show that the resilience 
increased with the maximum load used. Furthermore, the resilience 
of the treated fabric was slightly greater than that of the untreated 
fabric at a low maximum load, whereas at a high maximum load the 
reverse was indicated. 


TaBLE 2.—Effect of maximum load used in the modified compressometer method on 
the flexural characteristics of cotton voile before and after treatment with a crease- 
resistant finish. 
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These results show that the reversal in resilience between methods 
2 and 3 may be attributed to the difference in their testing conditions. 
In methods 1 and 3 the specimens are compressed by a constant 
maximum load, regardless of the weight or thickness of the specimens. 
In method 2, however, the specimens are folded to a minimum angie 
of such magnitude that equal stresses are produced in the extreme 
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gbers of homogeneous isotropic specimens. Although fabrics cannot 
be considered as homogeneous isotropic specimens, the testing pro- 
cedure in method 2 of folding the specimens to a minimum angle, 
which is determined from the thickness of the specimen, is more 
rational than applying a constant maximum load to all the specimens 
jsin methods 1 and 3. For in deforming a specimen by a series of in- 
aeasing loads, as in method 3, the total work expended on the specimen 
sequal to the summation of the products of the applied load and the 
distance through which the load acts. Thus, in testing two specimens 
which differ gouty in stiffness by applying the same maximum load, 
the deformation depends upon the stiffness, and the ratio of the 
energies expended or recovered is not necessarily the same as the 
ratio of the energies expended or recovered when these two specimens 
are deformed to the same degree, as in method 2, by applying a variable 
maximum torque proportional to the stiffness. Unfortunately, 
specimens 2, 4, and 5 were considerably wrinkled during shipment. 
Great care was exercised in sampling, but variations, which could 
not be detected by visual inspection, may have existed between the 
samples selected for test. Therefore, the varistions in resilience by 
methods 2 and 3 for the specimens 2, 4, and 5 cannot be attributed 
definitely to the difference in the condition of test between methods 
2 and 3. 

The three test methods described can be used to evaluate the im- 
provement given by crease-resistant finishes, using the measurements 
on the cloths before treatment as the basis of comparison. They 
should be valuable in systematic studies of the effect of different 
finishing treatments and in determining the effects of relative humid- 
ity, temperature, and other factors on the different finishes. Method 
|, however, does not give a critical measure of stiffness, a property 
that is greatly affected by crease-resistant finishes and should be 
measured. The resistance to creasing of fabrics in general is related 
to the resilience. The resilience as determined by these methods is 
dependent upon the testing conditions, as for example the magnitude 
of the maximum load in method 3. It may be found necessary in test 
methods of this type to vary the maximum load with the thickness or 
weight of the fabric to be tested. 

The user of fabrics, however, who probably judges crease resistance 
pnmarily by the changes in the appearance of the fabrics, is not con- 
cerned so much with the effects of finishing treatments on a particular 
fabric as with the resistance to creasing of different fabrics regardless 
of the treatment they may have received in the course of manufacture. 
Although the test methods described in this paper indicate whether 
not an improvement in crease resistance results from a finishing 
treatment, they may not clearly indicate the relative merits of the 
fabrics of different compositions and constructions from the viewpoint 


j {the user. For this there appears to be needed first a standard 


procedure for subjecting fabrics to creasing forces in a manner and 
under conditions that can be correlated with normal use of the fabrics, 
and second, a method for evaluating the changes in appearance the 
labries undergo in this treatment. Work on the development of an 
optical method of test for this purpose is being undertaken in the 
Textile Section of the National Bureau of Standards. 
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